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Validity of Australopithecus sediba 
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J. M. DeSilva et al. 
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>> Science Podcast 


COVER 
Reconstruction of a ~2-million-year-old Australopithecus sediba skeleton 
(height: ~1.3 meters) based on fossils from the Malapa Hominin 1 
(MH1), MH2, and MH4 specimens from Malapa, Gauteng, South Africa. 
Brown indicates discovered fossils. Au. sediba exhibits a mosaic 
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morphology distinct from that of other australopiths and early Homo. 
See pages 132 and 163, as well as www.sciencemag.org/extra/sediba. 


Reconstruction: Peter Schmid and casting technicians at the University 
of the Witwatersrand’s Evolutionary Studies Institute; Photo: Brett Eloff, 
courtesy of Lee R. Berger and the University of the Witwatersrand 
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Deep Homology of Arthropod Central 
Complex and Vertebrate Basal Ganglia 
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Experimental Observation of the Quantum 
Anomalous Hall Effect in a Magnetic 
Topological Insulator 

C.-Z. Chang et al. 

An elusive effect emerges in thin films of a 
bismuth-antimony-telluride topological 
insulator doped with magnetic chromium. 

>> Perspective p. 153 


Evidence for Two Distinct Populations of 
Type la Supernovae 

X. Wang et al. 

The spectral diversity of a particular type 
of stellar explosion is tied to the stellar 
environment. 


Infrared Absorption Spectrum of the 
Simplest Criegee Intermediate CH,0O 
¥-T. Su etal. 

The vibrational spectrum of an intermediate 
involved in ozone chemistry may facilitate 
its direct study in the atmosphere. 


Direct Measurements of 
Conformer-Dependent Reactivity of the 
Criegee Intermediate CH;CHOO 

CA. Taatjes et al. 

The reaction kinetics of an intermediate 
implicated in atmospheric ozone chemistry 
has been measured in the laboratory. 

>> Perspective p. 154 


Enantioselective Synthesis of Pactamycin, 
a Complex Antitumor Antibiotic 

J.T. Malinowski et al. 

A synthetic route to a complex natural 
product could foster preparation of analogs 
for exploratory medicinal chemistry. 

>> Perspective p. 152 


Speleothems Reveal 500,000-Year History 
of Siberian Permafrost 

A. Vaks et al. 

Siberian caves recorded the history of 
permafrost occurrence during the past 
450,000 years. 


A Long-Lived Relativistic Electron 
Storage Ring Embedded in Earth’s 
Outer Van Allen Belt 

D.N. Baker et al. 

NASA's Van Allen Probes revealed an 
additional, dynamic belt of relativistic 
particles surrounding Earth. 
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A Guanosine-Centric Mechanism for RNA 
Chaperone Function 

J. K. Grohman et al. 

RNA chaperones promote assembly of 
complex RNA structures by binding to and 
“neutralizing” guanosine bases, 


A Histone Acetylation Switch Regulates 
H2A.Z Deposition by the SWR-C 
Remodeling Enzyme 

S. Watanabe et al. 

A modification on histone H3 in a nucleosome 
favors the swapping out of one type of H2A 
histone for another, 


Latency-Associated Degradation of the 
MRP1 Drug Transporter During Latent 
Human Cytomegalovirus Infection 

M. P. Weekes et al. 

A virally encoded protein eliminates a cell 
surface drug transporter, promoting latent 
human cytomegalovirus infection. 


Blockade of Chronic Type | Interferon 
Signaling to Control Persistent LCMV 
Infection 

E. B. Wilson et al. 


Persistent LCMV Infection Is Controlled by 
Blockade of Type | Interferon Signaling 

J. R. Teijaro et al. 

Blockade of type | interferons leads to 

better control of persistent lymphocytic 
choriomeningitis virus infection. 

>> Perspective p. 155 


Injectable, Cellular-Scale Optoelectronics 
with Applications for Wireless Optogenetics 
T. Kim et al. 

Miniaturized and implantable light-emitting 
diodes offer precise and flexible control of 
neurons, when used in combination with 
optogenetics, 


Interactions Between the Nucleus 
Accumbens and Auditory Cortices 
Predict Music Reward Value 

V.N. Salimpoor et al. 

Activity in the mesolimbic striatum and its 
interaction with the auditory cortices 
determines the hedonic response to new 
music. 
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Van Allen Variation 


The two rings of relativistic particles called Van Allen Belts that en- 
circle Earth were discovered during the space age, and are known to 
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Of Flies and Men 


Similarities of brain structure, function, and 
behavior are usually ascribed to convergent evolu- 
tion. In their review, Strausfeld and Hirth (p. 
157) identify multiple commonalities shared by 
vertebrate basal ganglia and a system of forebrain 
centers in arthropods called the central complex. 
The authors conclude that circuits essential to be- 
havioral choice originated very early across phyla. 


Fast and Young 


Type la supernovae are thought to result from the 
thermonuclear explosion of a white dwarf star ac- 
creting material from a companion star in a binary 
system. Their adoption as cosmic yardsticks has 
led to the discovery of the accelerated expansion 
of the universe. Wang et al. (p. 170, published 
online 7 March) show that supernovae with higher 
expansion velocities are located in the central, 
brighter regions of their host galaxies and are 
found in larger, more luminous galaxies, suggest- 
ing that they are associated with younger stellar 
populations. 


Preparing Pactamycin 


Microbially derived organic compounds often 
have remarkably intricate structures that confer 
striking bioactivity, but such complexity may 
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pose risks to satellites in geostationary orbit. NASA launched twin 
spacecraft, the Van Allen Probes, on 30 August 2012 to measure and 
characterize Earth’s radiation belt regions. Baker et al. (p. 186, pub- 
lished online 28 February) have shown that a third, unexpected and 
temporary, radiation belt formed on 2 September 2012 to disappear 
4 weeks later in response to changes in the solar wind. 


become an impediment to drug development. 
Pactamycin is one such case—a potent antibiotic 
used to probe ribosome structure and function 
that in its native form is too cytotoxic for thera- 
peutic application. Malinowski et al. (p. 180; 
see the Perspective by Codelli and Reisman) 
present a 15-step laboratory-scale synthe- 
sis of this molecule that offers prospects 
for the generation of structural analogs 
that could facilitate further exploratory 
medicinal research. 


Hide-and-Seek Virus 


Human cytomegalovirus (HCMV) estab- 
lishes latent infection in human progeni- 
tor dendritic cells, causing significant 
morbidity and mortality on reactivation, which 
may occur in transplantation patients who are 
immunosuppressed. Neither detection nor 
selective removal of rare latent HCMV-infected 
cells has been possible. Weekes et al. (p. 199) 
have found that the multidrug-resistant ABC 
transporter, multidrug resistance—associated 
protein-1 (MRP1) is down-regulated during 
latent HCMV infection. Consequently, cytotoxic 
MRP1-specific substrates are not exported from 
HCMV-infected cells and accumulate—leading 
to cell death, which could potentially provide a 
mechanism for eliminating infected cells prior 
to transplantation. 
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Permafrost Thaw 
Predictions 


Permafrost contains twice as much carbon as the 
atmosphere which could have serious conse- 
quences if it were to be released by widespread 
thawing. Vaks et al. (p. 183, published online 
21 February) present a 450,000 year-long 
record of speleothem growth at selected loca- 
tions in Siberia, which traces changes in the 
extent of permafrost over that time period. The 
authors conclude that conditions only slightly 
warmer than those of today would cause wide- 
spread thawing of continuous permafrost as far 
north as 60°N. 


Simply Folding 


RNA chaperones simplify what would otherwise be 
complex and slow RNA folding events. Grohman 
et al. (p. 190, published online 7 March) show 
that the Moloney murine leukemia virus (MuLV) 
nucleocapsid (NC) protein, which chaperones 
MuLV RNA dimerization promotes MuLV RNA 
folding by binding to exposed guanosine bases 
and destabilizing strong guanosine interac- 
tions. With base-pairs being rendered roughly 
of the same energy, RNA assembly pathways are 
simplified, promoting proper folding. 


The Smaller, the Better 


New semiconductor device technology enables 
injection of light-emitting diodes, silicon devices, 
actuators, and sensors at 
precisely controlled locations 
within biological tissues, 

such as the brain. Kim et al. 
(p. 211) show how wireless 
control of animal models 
using these technologies and 
the techniques of optogenet- 
ics provide new insights into 
basic behavioral neuroscience. 


Music Was My First Love 


Why do human beings enjoy music? Salimpoor 
et al. (p. 216) combined behavioral economics 
with brain scanning to explore how a piece of 
music is considered rewarding to an individual 
when it is heard for the first time. They discovered 
that neural activity in the mesolimbic striatum 
during listening to a novel piece of music was the 
best predictor of the money listeners were willing 
to spend on buying the piece. These observations 
implicate sensory cortical areas in reward process- 
ing, which the authors attribute to the aesthetic 
nature of the judgment. 
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An Important Anniversary 


ONE HUNDRED FIFTY YEARS AGO, ON 22 APRIL 1863, THE U.S. NATIONAL ACADEMY OF SCIENCES 
(NAS) held its first meeting. The founding of the academy was but one of an impressive 
array of federal actions that would prepare the United States of America for a bright future. 
During the dark days of 1862 and 1863, mired in a bloody and intense Civil War, Congress 
passed, and President Lincoln signed, the Morrill Act, creating a system of Land Grant 
Colleges. The Act greatly enhanced access to higher education for Americans and promoted 
scientific and technical research in the coming generations. In the same period, Congress 
authorized the completion of the Transcontinental Railroad, and President Lincoln issued 
the Emancipation Proclamation. Only a few months later, President Lincoln and Congress 
took another major step to advance the young nation by creating NAS, a bold way to elevate 
American science and to incorporate science into the U.S. future. This was a remarkable set 
of government actions during very tough times. 

NAS was created as a private nonprofit organization, and yet it 
was directed to provide scientific analysis and advice to the U.S. gov- 
ernment* and to plan new federal agencies whose capabilities would 
be needed by the government. It is rare for any government to create 
and respect such an external organization that is independent and not 
subject to government control. NAS works closely with the National 
Academy of Engineering (NAE, created in 1964) and the Institute of 
Medicine (IOM, created in 1970), and their responses to government 
requests are provided through the jointly governed National Research 
Council (NRC, created in 1916). These organizations are nonpartisan, 
and their reports are subjected to rigorous peer review. Receiving no 
annual appropriations from the federal government, the costs of each 
project conducted for the federal government are reimbursed one by 
one. NAS has a very broad mission that includes validating scientific 
excellence, enhancing the vitality of the scientific enterprise, guiding public policy with science, 
and communicating the nature, values, and judgments of science to government and the pub- 
lic.¢ In addition, there are increasingly global roles for the NAS and other science academies.* 

The close partnership of NAS, NAE, IOM, and NRC provides a large positive advantage in 
providing advice and analysis for the government, inasmuch as many questions of public policy 
require expertise that is much broader than that provided by individual scientific disciplines. In 
many other nations, the academies of science, engineering, and medicine are completely sepa- 
rate, which makes it more difficult for them to collaborate in addressing critical national issues. 

Academy members contribute greatly to the writing of NRC reports, and they also help 
to identify other excellent researchers to work on these projects. Over 5000 such individu- 
als, most of whom are not members of NAS, NAE, and IOM, serve in these important roles, 
pro bono, each year. Additionally, nearly 2000 individuals from across science and engineer- 
ing disciplines serve as independent peer reviewers for the more than 200 reports produced 
annually. This enormous volunteer resource derives from the creation of NAS in 1863, and 
these generous contributions of thousands of experts enable and energize the entire enter- 
prise. Looking ahead, I can foresee many further roles for such efforts, as the world con- 
fronts and solves science-based problems that involve multiple disciplines. 

Today, science and engineering enable society to select major goals and provide the 
collective wherewithal to achieve them. Sustained efforts are often required to select and 
achieve such goals. The pro bono contributions of thousands of researchers to NAS’s 
projects deserve great appreciation and respect, as do the parallel efforts of scientists on 
behalf of many other scientific organizations and educational institutions. 

Let us salute the contributions of these individuals and institutions to progress through 
science. — Ralph J. Cicerone 


10.1126/science.1238209 


*B. Alberts, Science 339, 1011 (2013). #R. Cicerone, Proc. Natl. Acad. Sci. U.S.A. 110, 4433 (2013). 
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MATERIALS SCIENCE 


In an emulsion, droplets of one liquid are 

kept stable within an immiscible second liquid 
through the use of surfactants; oil-and-water— 
based salad dressings are a well-known ex- 
ample. Multiple emulsions, comprising multiple 
shells of the two liquids, are of increasing inter- 
est for applications to drug delivery as well as 
food and cosmetics. However, these emulsions 
typically need both hydrophobic and hydro- 
philic surfactants to stabilize the two interfaces. 
Besnard et al. show that a single polymer can 
be used to modify the curvature of the oil/water 
interface and thereby promote the phase inver- 
sion required to create a multiple emulsion. The 
material is a diblock copolymer with blocks of 
polystyrene and a random polymer of styrene 
and 2-(dimethylamino)ethylmethacrylate 
monomers (DMAEMA). A change in temperature 
alters the hydrogen bonds between DMAEMA 
and water, and thus the hydrophobicity of the MICROBIOLOGY 
polymer. A second phase inversion can also be 
induced by varying the acidity of the solution 


within a narrow pH window. Several mixing Human beings are stewpots of microorganisms influenced by a variety of environmental 
methods and polymers with different chain perturbations to the detriment or enhancement of our health. Humans have penetrated 
lengths were used to generate the emulsions, and disturbed nearly all habitats on the planet and in their turn influence the symbioses 
and in all cases the emulsions showed stability and pathogens in the wild animals they encounter. For example, Amato et al. have dis- 
for at least several months. — MSL covered that the diversity, richness, and composition of the microbiota of Mexican black 
Adv. Mater. 25, 10.1002/adma.201204496 (2013). howler monkeys correlate with the quality of the habitat they inhabit (and eat). Monkeys 
living in habitats degraded by human activity have simplified microbiomes displaying 

PHYSICS fewer genes for butyrate production, implying an impact on the monkeys’ overall health. 


In an another example of an anthropogenic perturbation, the health of zoo elephants 

has been compromised by an emerging, fatal, haemorrhagic herpesvirus disease, which 
The daily commute can be a trudge. On top Zachariah et al. report also affects working elephants in southern India. It seems that 
of that, you often have to share, involun- in this case the virus is endemic to Asia and has spread from this focus as humans have 
tarily, in the irritating noise coming out of the spread elephants around the world’s zoos. — CA 
headphones of someone intent on going deaf ISME J. 7, 10.1038/ismej.2013.16 (2013); J. Wildl. Dis. 49, 10.7589/2012-07-193 (2013). 
prematurely. Of course, there are also the more 
serious safety aspects of protection from sudden 


and loud noise, as well as the peace and quiet an object from view using metamaterials and | GENETICS 

provided by good sound insulation. The ideas transformational optics can also be carried to 

developed over the past decade in cloaking other waveforms, including acoustics. Using such | 
ideas, Sanchis et al. have designed and fabri- Human populations exhibit differences in link- 
cated a three-dimensional (3D) acoustic cloak for | age disequilbrium, the loss of association be- 
airborne sound. Their cloak consists of a series tween alleles that are located close together on 
of concentric tori that surround a sphere about the same chromosome. These differences result 
8 cm in diameter. Designed by an optimization in genome-wide association tests—which look 
algorithm and using a 3D printing method to for genetic markers associated with a phenotypic 
fabricate the directional cloak, initial character- trait—finding few significant variants and re- 
ization shows that they can reduce the scattering | quiring very large sample sizes. Diversity among 
cross section of the sphere for sound of 8.55 linked alleles, such as in people of African 
kHz by some 90%. A design modification should | descent who on average exhibit more genetic 
be possible to make the cloak omnidirectional. diversity than other populations, helps pinpoint 
Perhaps it won't be too long before such a cloak genetic variants associated with traits. Wu et al. 
can be incorporated into headphone design to investigated the genetic architecture of loci as- 


stop sound leaking out. — ISO 
Phys. Rev. Lett. 110, 124301 (2013). 
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sociated with lipids in people of African, Asian, 
and European descent to elucidate functional 
variants in lipids among and between popula- 
tions. Sequential conditional analyses identified 
complex patterns of variation in previously iden- 
tified loci within and among populations, as well 
as novel genotypes associated with 
lipid levels. Thus, utilizing popula- 
tion structure helps identify the 
genetic underpinnings of human 
phenotypic variation. — LMZ 

PLoS Genet. 9, 1003379 (2013). 


CLIMATE SCIENCE 
Where’s Warming? 


The addition of greenhouse 
gases to the atmosphere caused 
by fossil fuel burning and other 
anthropogenic activity has caused 
temperatures at the surface of Earth to increase 
significantly over the past century and a half, 
and rapidly during the interval from around 
1975 until the early years of the 21st century. 
However, sea surface and surface-air tem- 
peratures have not risen over most of the past 
decade, encouraging some to question the 
continued reality of global warming, despite 
the fact that similar variability also can be seen 
in the instrumental records of the past century. 
The real question, then, is not whether climate 
warming has stopped, but where in the earth 
system the heat resides that would have caused 
the expected warming? Naturally, the first 
place to look is in the ocean, because that is 
where most of the heat taken up due to global 
warming is stored. Accordingly, Balmaseda et 
al. conducted a reanalysis of changes in the 
global ocean heat content from 1958 through 
2009 and found that much of the warming has 
occurred below depths of 700 m, rather than 
in the surface ocean, and that much of that 
redistribution is due to changes in surface winds 
over that period. This helps to explain why air 
temperatures have not reflected this heating 
and shows that global warming is continuing, 
but out of our daily reach. — H]S 

Geophys. Res. Lett. 10.1002/grl.50382 (2013). 


DEVELOPMENT 
Following a New Program 


As illustrated in Greek mythology, in which an 
eagle feeds on Prometheus’ liver each day, the 
amazing regenerative properties of the liver 

have long been known. An intriguing feature of 
liver regeneration is that it is context-specific: 
Excising part of the liver results in the growth or 
proliferation of existing cells, whereas exposure to 
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toxic agents drives the accumulation of cells that 
have a biliary phenotype. Yanger et al. sought to 
determine whether cellular plasticity plays a role 
during liver response to injury and found that 
indeed it does. Toxin-induced injury of mouse 
hepatocytes generated cells that had the morpho- 
logical, struc- 
tural, and molecular 
features of normal 
biliary epithelial 
cells (BECs). Similar 
to BEC develop- 
ment, Notch signal- 
ing was required. 
Normal hepatocytes 
are binucleated; 
likewise, so were the 
BEC-like cells that 
were generated in 
response to injury, 
which suggests a hepatocyte origin. As cells went 
through the hepatocyte-to—BEC-like cell transi- 
tion, they displayed an intermediate state where 
they co-expressed transcription factors of both 
cell types. The conversion of adult hepatocytes to 
BECs may find applicability in treatment of condi- 
tions with loss of these cells in humans. — BAP 
Genes Dev. 27, 10.1101/gad.207803.112 (2013). 


IMMUNOLOGY 
Type 2 for Tissue Regeneration 


Although we classically think of the immune 
system as important for warding off foreign 
invaders, once the invaders are squashed, it 
sticks around to help pick up the pieces. The 
specific mechanisms by which the immune system 
supports tissue repair can differ from tissue to 
tissue and overall are not very well understood. 
Heredia et al. investigate this in the context of 
skeletal muscle injury and specifically look at the 
role of type 2 immunity, which has previously 
been implicated in tissue repair. The signature 
type 2 cytokines interleukin (IL)—4 and -13 were 
up-regulated in response to skeletal muscle injury 
in mice, and the use of genetically modified mice 
demonstrated that signaling through the IL-4 
receptor was required for muscle repair. Surpris- 
ingly, the primary source of IL-4 was eosino- 
phils, not macrophages, which had been shown 
previously to infiltrate damaged tissue and make 
IL-4. Within damaged tissues, fibro/adipogenic 
progenitor cells, which have the potential to give 
rise to either fibroblasts or adipocytes, responded 
to IL-4 and were induced to support myogen- 
esis rather than differentiating into adipocytes. 
Moreover, they were necessary for the clearance 
of necrotic debris. — KLM 

Cell 10.1016/j.cell.2013.02.053 (2013). 
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Rallying Against Research Cuts 


Thousands of scientists and patient advocates 
poured into a square in downtown Washing- 
ton, D.C., earlier this week in what organizers 
called the largest-ever rally to call for more 
funding for biomedical research. The event, 
which drew many researchers who were in 
town for the annual meeting of the American 
Association for Cancer Research (AACR), 
highlighted the 5% cut to the National Insti- 
tutes of Health’s (NIH’s) $31 billion budget 
imposed by Congress last month through 
sequestration, as well as the flat growth of 
NIH’s budget over the past decade. 


AACR attendees and others from more 
than 200 supporting organizations chanted 
“more progress, more hope, more life” and 
listened for nearly 2 hours as members of 
Congress, patient advocates, and celebrities 
spoke in support of increasing NIH’s budget. 
Emcee Cokie Roberts of ABC News and 
NPR declared that “it could not be a stupider 
time to cut back on funding for medical 
research.” The event was “historic and really 
unprecedented,” said AACR CEO Margaret 
Foti. For a while, she added, tweets with the 


rally’s tag #RallyMedRes were second to 
only tweets about former U.K. Prime Minis- 
ter Margaret Thatcher’s death. 


Next Up for NASA: Exoplanets 
And Neutron Stars 

NASA’ Astrophysics Explorer Program on 
5 April announced it has selected two 
missions—an exoplanet-hunting satellite 
and an instrument to study neutron stars— 
for launch in 2017. The Transiting Exo- 
planet Survey Satellite (TESS) will use 
wide-field cameras to survey the brightest 
stars in the sun’s neighborhood, searching 
for gas giants and terrestrial planets, 
particularly those that are Earth- 
sized. Those planets, researchers 
hope, could be candidates for follow- 
up studies of their atmospheres by 
the James Webb Space Telescope, 
scheduled for launch in 2018. 

The Neutron Star Interior Com- 
position Explorer (NICER), which 
will be deployed on the International 
Space Station, will observe x-rays 
flashed by neutron stars, helping 
researchers understand the nature of 
matter contained in these dense, spin- 
ning objects that result from the col- 
lapse of massive stars. TESS will get up to 
$200 million, and NICER will receive up to 
$55 million. 


1 River, California and 0 I 


Klsnnath Dams Should Go, 

Interior Dept. Says 

Remove four aging dams along the Klamath 
River in northern California and southern 
Oregon, the U.S. Department of the Interior 
advised in an environmental impact state- 


Worth a dam. The Copco 1 Dam is one of four dams 
recommended for removal to restore salmon habitat. 


ment (EIS) released last week. The dams, 
completed between 1918 and 1962, block 
salmon migration and raise water tempera- 
tures and algae levels, changes that also 
lower salmon survival. 

Habitat restoration and sediment removal, 
together with the dams’ demolition, would 
cost about $1 billion. But that’s cheaper than 
the other three options that the EIS panel 
considered, which leave some or all of the 
structures in place. If the dams remain, the 
operators will be required to pay for main- 
tenance and upgrades, including installing 
expensive new fish ladders. 

The EIS was carried out as part of the 
Klamath Hydroelectric Settlement Agree- 
ment (KHSA), an agreement reached in 
2010 by 40 stakeholder groups—including 
the states of California and Oregon as well as 
three Native American tribes—to determine 


After years of pressure, Swiss drug com- 
pany Roche says i t will release all o 
n , a contro- 

vasial anti- piflieis aig Beale by 
many nations despite some claims that 
there is not enough evidence of its effi- 
cacy. But some scientists remain skepti- 
cal, wondering what Roche might redact. 
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whether removing the dams would restore 
salmon fisheries. KHSA also requires autho- 
rization by Congress before the dams can be 
removed. But there is now little momentum 
for such legislation on Capitol Hill. 


Ottawa 4 


Canada to Investigate Alleged 
Muzzling of Scientists 

Since Stephen Harper was sworn in as Cana- 
da’s prime minister in February 2006, report- 
ers and government scientists have bristled 
at the government's restrictions on commu- 
nications with the press and public. On 

27 March, Information Commissioner 
Suzanne Legault confirmed that she has 
opened an investigation into whether scien- 
tists in seven government departments are 
being muzzled by senior politicians. 

The government's policy, which it says 
is to ensure that gov- 
ernment employ- 
ees speak with “one 
voice,” requires 
federal civil ser- 
vants and scientists 
to get permission 
for press interviews 
from their minister 
or the Privy Coun- 
cil Office (Harper's central shop) and that 
questions be submitted in advance. The 
Department of Fisheries and Oceans also 
recently required department scientists to 
get approval from senior officials before 
publishing papers. 

Critics contend that these policies are 
tantamount to a gag order, and in Febru- 
ary, two groups—the Environmental Law 
Centre at the University of Victoria and 
Democracy Watch, a nonpartisan group that 
advocates for government accountability— 
asked Legault to investigate. The timeline 
on Legault’s investigation, or whether a final 
report will be submitted to Parliament, is 
unclear. http://scim.ag/Canmuzz 


Abu Dhabi 5 


Camel Connection 
To New Coronavirus? 
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camel owned by a man from the United 
Arab Emirates who died in Munich on 
26 March will give them clues to the ori- 
gins of a new coronavirus that has killed 
11 people so far. The patient, a wealthy 
73-year-old man from Abu Dhabi, was 
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Hump hypothesis. An nCoV patient from Abu Dhabi 
had been in close contact with a sick racing camel. 


taken to the Klinikum Schwabing in 
Munich on 19 March and was confirmed 
to suffer from the new virus, nCoV, 4 days 
later (Science, 5 April, p. 17). 

The patient owned racing camels and 
had been in close contact with a sick camel 
shortly before he fell ill, says Clemens 
Wendtner, a physician at the Munich hos- 
pital; a male relative also became sick after 
contact with the same camel. Researchers 
from the group of Christian Drosten, a virol- 


THEY SAID IT 


“[T]he secretary's action was 
politically motivated, scien- 
tifically unjustified, and con- 
trary to agency precedent.” 


—Judge Edward Korman of the 

Eastern District of New York, slamming 

a 2011 decision by U.S. Department of 
Health and Human Services Secretary 
Kathleen Sebelius to prevent younger 
teenagers from accessing the emergency 
contraceptive Plan B without a prescrip- 
tion. Korman ruled last week that Plan B 
should be available over the counter 

to women of all ages. 


ogist at the University of Bonn, are planning 
to travel to the United Arab Emirates to take 
samples from the camel, Wendtner says, to 
find out if it was infected with nCovV. Previ- 
ous anecdotal reports had linked the virus 
to livestock, but so far, its origins remain a 
mystery. http://scim.ag/CamelCor 


Dengue More Prevalent Than Thought 


There is no current vaccine for dengue, a mosquito-borne viral disease so painful 
that it’s sometimes called “breakbone fever.” To keep it in check—through mos- 
quito control and vaccination campaigns—planners have to know where the dis- 
ease is. Now, a new study estimates that there are 390 million global cases of den- 
gue (pictured)—several times the World Health Organization's estimates. 

Jeremy Farrar, a clinician at the University of Oxford Clinical Research Unit 
in Ho Chi Minh City, Vietnam, and epidemiologist Simon Hay of the University 
of Oxford in the United Kingdom compiled 8300 reports of dengue infections 
and considered new evidence on risk factors, such as population growth in urban 
areas where the virus-carrying Aedes aegypti mosquito thrives. Using new model- 
ing techniques, they concluded that in 2010, dengue sent 96 million people to 
clinics or caused them to miss school or work, while another 294 million had mild 
or asymptomatic infections, the researchers reported online on 7 April in Nature. 


http://scim.ag/moredengue 
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FINDINGS 


On Twitter, #Antivaccination 
Goes Viral 


When fear goes viral on the Internet, it 
can help spread viruses in the real world. 
Antivaccination tweets, researchers find, 
spread much faster than those supportive 
of vaccines. 

Biologist and computer scientist Marcel 
Salathé and colleagues at Pennsylvania 
State University, University Park, collected 
almost half a million vaccine-related tweets 
during the 2009 influenza pandemic and 
categorized those relevant to flu as positive, 
negative, or neutral. (Undergrads rated the 
first 47,143 tweets; then an algorithm took 
over.) Negative tweets were often retweeted, 


while positive ones generally weren’t, the 
team reported in a paper published online 
on 4 April in EPJ Data Science. Instead, 
too much positive sentiment appeared to 
backfire: Twitter users who received many 
provaccine tweets sent out more nega- 
tive messages themselves. Perhaps some 
held antivaccination views that they didn’t 
express “until they were bombarded with 
positive messages,” Salathé says. 

“We are more compelled by fear than by 
rational thinking,” says Paul Offit, director 
of the Vaccine Education Center at The Chil- 
dren’s Hospital of Philadelphia in Pennsyl- 
vania. To reach the public, vaccine advocates 
may have to go negative themselves, he 
adds—for instance, by tapping into people’s 
fear of losing a child. 


[= 
Random Sample 


Game of Habitable Zones 


that orbits two stars instead of one. 


E Kit Harrington as Jon Snow on Game of Thrones. 


In the world of Game of Thrones, summer can last for years, winter for a generation. Fans have 
long debated the reason for these unpredictable seasons—and now astronomers at Johns Hop- 
kins University in Baltimore, Maryland, offer a hypothesis: The show’s setting may be a world 


On this hypothetical planet, years last 700 days, and the two sunlike stars orbit each other 
every 100 days. This complicated dance results in erratic seasons, with winters that can last any- 


~ 


where from 600 to 850 days. Because 
the orbit is a three-body problem, pre- 
dicting the length of the seasons in 
advance would be impossible for the 
computerless maesters of Westeros. 
“With heavy hearts, we conclude that 
our attempts to provide the good folks 
of Westeros with a reliable weather 
forecast are inconclusive,” the authors 
wrote in a paper posted on the arXiv 
server on 1 April. 

Other earth scientists are skeptical. 
The pattern of winters and summers 
plotted in the paper “doesn’t quite 
seem chaotic enough” to cause the tur- 
moil observed in Westeros, says Stephen 
Kane, an astronomer at the California 
Institute of Technology in Pasadena who 
has studied the habitable zones of exo- 
planets in such circumbinary orbits. He 
suggests injecting a bit more chaos by 
introducing a third star to the system or 
reimagining the planet as an exomoon 
orbiting a gas giant. Still, this paper “is 
on the right path to providing a purely 
physical explanation” of the Westerosi 
seasons, he says. “Of course, if there’s 
magic involved, all bets are off.” 


y 


Tiny Bones, Giant Dinosaurs 


Nearly 200 million years ago, one species of 
sauropodomorph—those long-necked, her- 
bivorous dinosaurs known to grow to great 
sizes—nested its eggs at a site near what has 
become southern China’s Yunnan Province. 
Periodically, the nests were destroyed by 
floods, washing away all but some of the 
eggs and the tiny bones they contained. 


Today, this rare jumble of embryonic 
bones—some as thin as pencil lead—gives 
an unprecedented look at dinosaur embryos 
at various stages of development. Examin- 
ing cross-sections of 24 different femurs 
from the species (probably of the genus 
Lufengosaurus), a team led by paleon- 
tologist Robert Reisz of the University of 
Toronto, Mississauga, in Canada observed 
a high proportion of vascular space inside 
the bones (pictured), indicating that these 
embryos grew extremely quickly—faster 
than any other known dinosaur and all liv- 
ing birds. This rapid embryonic devel- 
opment may have been the key to adult 
sauropodomorphs’ towering physiques, the 
team reports online this week in Nature. 

The bone bed is a “spectacular find,” 
because it offers a look at how the spe- 
cies grew over time, something no single 
embryo can do, says Luis Chiappe, a 
vertebrate paleontologist at the Natural 
History Museum of Los Angeles County 
in California. 


LIVE | 


Join us on Thursday, 18 April, at 3 p.m. EDT 
for a live chat on genetic privacy. How safe 
is your genome? http://scim.ag/science-live 
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INFLUENZA 


New Flu Virus in China 
Worries and Confuses 


As many an influenza researcher has 
observed, the virus that they study is pre- 
dictably unpredictable. But when a bird flu 
virus makes the jump to people, it’s easy to 
predict how humans will react: Pandemic jit- 
ters will reverberate around the world, media 
will scrutinize the actions of public officials, 
and investigators will begin racing to answer 
questions about the virus’s origins, spread, 
and potential threat. 

The scenario unfolded again after China’s 
National Health and Family Planning Com- 
mission announced on 31 March that a bird 
flu virus, designated H7N9, had infected 
three humans, killing two of them. But so far, 
researchers are guardedly optimistic: There is 
no persuasive evidence that the virus spreads 
between people, an ability it would need to 
set off the next flu pandemic. On 9 April, as 
Science went to press, a steady trickle of 
Chinese government reports had confirmed 
28 cases and eight deaths. 

The Chinese government has won praise 
for aggressively pursuing this outbreak and 
openly discussing its findings (see sidebar, 
p. 130). Chinese officials have monitored the 
health of more than 600 close contacts of con- 
firmed cases—the earliest of whom became 
ill in mid-February—and have not found 
infections. “So far, there’s no human-to- 
human transmission—that’s the good news,” 


www.sciencemag.org SCIENCE 


says virologist Ab Osterhaus of Erasmus MC 
in Rotterdam, the Netherlands. “If it would 
have been there, you would probably have 
seen it by now.” 

Part of the bad news is that it remains a 
mystery how the confirmed cases became 
infected. H7N9 influenza viruses are not often 
detected in birds, notes Robert Webster, an 
influenza researcher at St. Jude Children’s 
Research Hospital in Memphis, Tennessee. 
“We rarely ever find the damn thing,” he says. 
In 2003, the Netherlands had an outbreak in 
humans of a related bird flu strain, H7N7; 
but that virus came to light because it read- 
ily killed chickens and then mainly caused 
mild eye problems, such as conjunctivitis, in 
humans. China has not reported any H7N9- 
related disease in commercial poultry. “The 
most important thing now is the Chinese have 
to do whatever they can to find the origin,” 
Osterhaus says. 

On 5 April, China’s Ministry of Agricul- 
ture reported that pigeon and chicken sam- 
ples from two poultry markets in Shang- 
hai, home to about half the confirmed cases, 
tested positive for H7N9. The National Avian 
Flu Reference Laboratory sequenced the 
virus’s genome and said it was very similar 
to the sequences of human isolates. Officials 
culled some 98,000 poultry and subsequently 
stopped the sale of live birds at city markets. 
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Bird culls. Health officials killed nearly 100,000 
poultry in Shanghai markets after finding H7N9- 
infected birds there. 


Nanjing and Hangzhou, large cities a few 
hundred kilometers away affected by the out- 
break, closed poultry markets, too. Some, but 
not all, of the human cases had known contact 
with poultry. 

In early media reports, pigs had come 
under suspicion as a potential source. In 
March, bloggers revealed that thousands of 
dead pigs were washing up on the shores 
of the Huangpu River, which flows through 
Shanghai. Avian influenza viruses readily 
infect pigs, but the Shanghai Animal Disease 
Prevention and Control Center has reported 
that it tested 34 carcasses and none had the 
virus. Jiirgen Richt, vine flu researcher at 
Kansas State University, Manhattan, notes 
that 34 samples isn’t very many and that 
influenza RNA may have become degraded 
during the trip downriver. “Pigs could be pos- 
itive even if they test negative,” Richt says. 
Still, he thinks that the pig origin hypothesis 
is “highly speculative,” in part because other 
flu strains that are lethal in humans cause lit- 
tle disease in swine. 

The clearest evidence so far about the ori- 
gin of H7N9 comes from its genes. Richt’s 
lab and several others began studying the 
sequences of H7N9 viruses from human cases 
immediately after China made them available. 
Type A influenza viruses like this one have 
a genome made up of eight RNA segments 
containing 11 genes coding for 11 proteins, 
including hemagglutinin and neuraminidase, 
which stick out from the viral surface. (They 
are the “H” and “N” in the names of influenza 
subtypes.) Comparisons with known influ- 
enza sequences show that all of the genes in 
the new virus closely resemble ones found in 
avian flu strains. But this H7N9 is a mashup, 
or “reassortant,” of several such strains. 

The genes that code for the proteins inside 
of the H7N9 virus closely match genes from 
H9N2 isolates recently found in chickens, 
pigeons, and bramblings (a type of finch) 
in China. H9N2 is a “totally benign virus,” 
Webster says, and “is in every big chicken 
house from China to Israel to Germany.” The 
H7, in contrast, appears similar to an H7N3 
found in Chinese ducks 2 years ago, while the 
N9 has ties to H11N9 viruses found in ducks 
and wild birds in Europe and Asia. 

Adding to the confusing backstory are 
mutations in H7N9 genes that suggest how the 
strain enters and sickens humans. Avian influ- 
enza typically doesn’t affect humans because 


129 


2 NEWS&ANALYSIS 


130 


receptors on our cells do 
not allow bird viruses to 
attach to them. But three 
of the first four human 
H7N9 isolates had muta- 
tions in what’s known as 
H7’s receptor binding site, 
allowing it to infect mam- 
mals, says Michael Shaw 
of the Centers for Disease 
Control and Prevention in 
Atlanta. Researchers found another muta- 
tion in the PB2 subunit of influenza’s poly- 
merase enzyme that’s also known to help the 
virus thrive in mammals. In addition, H7N9 
has a deletion in the neuraminidase gene that 
researchers typically find in domestic chick- 
ens and quail. “It looks like this virus has been 
in multiple hosts, and it’s a real detective story 
to figure out which paths it has gone through 
to get to this point,’ Shaw says. 

Richard Webby, another influenza 
researcher at St. Jude in Memphis, says a 
central mystery is whether humans became 
infected with H7N9s that had mammalian 


®® HA: related to H7N3 viruses in ducks 
in China, 2011 


NA: related to H11N9 viruses in ducks 
and wild birds in Eurasia, 2010 and 2011 


‘@® Internal genes: related to H9N2 viruses 
found in China, 2011 and 2012 


Origin clues. Sequences of eight 

RNA segments from human H7N9 
isolates show close ties to different 
bird viruses. 


adaptations—which would suggest the virus 
has been circulating in mammals for some 
time—or whether those variations occurred 
after the virus replicated in their bodies. “I 
don’t think we’ve seen quite these many 
changes upon infection, but it is possible,” 
Webby says. Either way, the changes are 
“worrying,” he says. 

The World Health Organization 
announced plans to work with partner coun- 
tries to begin development of an H7N9 vac- 
cine for humans, although whether that 
ever moves into large-scale production may 
depend on how readily the virus spreads. The 


few known cases so far may be the tip of an 
iceberg: Researchers will have to screen for 
antibodies to H7N9 in large numbers of peo- 
ple, which might reveal that many had mild 
or no disease. 

Richt says that he and his colleagues 
urgently need isolates of the virus to begin 
testing its effects in various species, including 
chickens, pigs, monkeys, and ferrets. Maybe 
the virus readily infects pigs and spreads 
between them, making swine an important 
reservoir. Maybe it reduces egg production in 
hens or weight in broilers, which would help 
identify infected flocks and rapidly contain 
spread. Animal studies can also clarify the 
likelihood of airborne transmission in mam- 
mals; Osterhaus and his colleagues last year 
caused an international ruckus when they 
published ferret experiments that showed 
how easily this could happen with a different 
bird flu virus that has jumped into humans 
(Science, 22 June 2012, p. 1494). “A lot of 
work needs to be done,” Osterhaus says. “We 
have to take this seriously.” -JON COHEN 
With reporting by Kai Kupferschmidt and Mara Hvistendahl. 


A Decade After SARS, China’s Flu Response Wins Cautious Praise 


SHANGHAI—Coming at the 10-year anniversary of the SARS outbreak, the 
Chinese government's announcement that a new influenza virus is killing 
people elicited suspicion from many Chinese, Why, some asked, did it take 
nearly 6 weeks after the first patient fell ill for the government to identify 
the H7N9 virus? And was there a connection to the thousands of dead pigs 
floating in Shanghai's Huangpu River? 

But many scientists say that, while there are plenty of questions sur- 
rounding the new virus (see main story, p. 129), China has actually come 
a long way when it comes to monitoring health and has been forthcoming 
with the international health community—a sharp contrast with the SARS 
episode, when it was unable to identify the new pathogen and tried to sweep 
a deadly epidemic under the rug (Science, 15 March, p. 1264). 

Reporting of the virus’s initial 
discovery, and subsequent cases, 
appears to have been timely, says 
virologist Malik Peiris of the Univer- 
sity of Hong Kong. “One should not 
underestimate the work and chal- 
lenge” in identifying, confirming, 
and double-checking a new influenza 
strain, Peiris says. “The Chinese are 
getting out information as fast they 
can,” adds virologist Robert Webster 
of St. Jude Children’s Research Hospi- 
tal in Memphis, Tennessee. 

SARS was a turning point, says 
Yanzhong Huang, a global health fel- 
low at the Council on Foreign Rela- 
tions in New York City. “In the post- 
SARS era, the central health authori- 
ties have become more transparent 
in sharing disease-related informa- 


Limited spread. Ten days after reporting the first case of H7N9, Chinese officials 
had found only 27 others, all in Shanghai and surrounding provinces. 


tion with the international community,” Huang says. China has also boosted 
public health funding, set up a comprehensive disease prevention and control 
system, established a task force to combat avian influenza, and set up hun- 
dreds of monitoring stations for animal disease. 

But China's Ministry of Agriculture—which will be critical in tracing 
H7N9’s animal origins—remains a weak link. In 2006, the ministry was slow 
to share virus samples from poultry with the international community after 
researchers found a new strain of H5N1 in birds in six provinces (Science, 
10 November 2006, p. 905). Now, there is again concern that the ministry 
“might not be very enthusiastic” to share with foreign labs, Huang says. Cur- 
rent regulations require Chinese scientists to get the ministry's permission to 
collect and study avian flu samples, effectively limiting research to three labs. 

There are other reasons for con- 
cern. Many health labs are still not 
adequately equipped, Huang says: 
“Hospitals at the grassroots level 
probably are still unable to tell the 
difference among cold, annual flu, 
and avian influenza.” The govern- 
ment has censored posts on Weibo, 
China’s most popular microb- 
log, about links to the dead pigs 
and alleged hidden cases. And in 
another sign that not everything has 
changed, some local disease centers 
have touted the traditional Chinese 
medicine banlangen as treatment for 
H7N9—the same unproven product 
that was trotted out 10 years ago as 
a remedy for SARS. 

—MARA HVISTENDAHL 
With reporting by Jon Cohen. 
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Crystal clear. CLARITY allows researchers to image specific 
neurons and molecules within an intact mouse brain (left) 
and hippocampus (right) without making a single cut. 


NEUROSCIENCE 


Tissue Imaging Method Makes Everything Clear 


Karl Deisseroth is on a roll. In March, the 
neuroscientist-psychiatrist-engineer of Stan- 
ford University in Palo Alto, California, was 
awarded a share of the world’s largest neuro- 
science prize for his work developing opto- 
genetics, a tool which allows researchers to 
manipulate neuronal activity with light. Last 
week, he was appointed to advise President 
Barack Obama’s new $100 million brain 
research initiative. Now, this week in Nature, 
Deisseroth presents a new way of imaging 
the brain, which many researchers say will 
fundamentally change the way labs study the 
intricate organ. 

“This is one of those singular events in 
© the history of neuroscience,” says Terrence 
@ Sejnowski, a neuroscientist at the Salk Insti- 
tute for Biological Studies in San Diego, Cali- 
fornia, referring to CLARITY, Deisseroth’s 
new method of rendering tissue transparent. 
Sejnowski compares the technique to the 
Golgi stain, which more than a century ago 
allowed scientists to trace specific neurons 
and their projections. “Until you actually see 
it, you don’t quite appreciate how spectacu- 
lar [CLARITY] is,” he says. “You can see not 
just very detailed images of single neurons but 
whole populations of neurons, their projec- 
tions, the inner structure of the brain. It’s very 
revealing and has almost infinite potential to 
image anything that could be labeled.” 

The technique can be used to make 
any organ transparent, but it was the chal- 
$ lenges of imaging the brain that motivated 
2 Deisseroth, who hopes to dissect psychiatric 
disorders such as schizophrenia and depres- 
sion. Creating a 3D image of a brain today 
requires carving its tissue into hundreds or 
thousands of hair-thin slices, scanning an 
image of each slice in microscopic detail into 
a computer, and then painstakingly realign- 
ing the sections. Digitally stitching axons 
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back together—each roughly a hundredth the 
diameter of a human hair—not only takes a 
lot of computational time, but is also prone to 
significant error, says neuroscientist Arthur 
Toga of the University of California (UC), 
Los Angeles. After spending decades refin- 
ing techniques for slicing and imaging brains, 
Toga says CLARITY may soon make that 
work irrelevant: “I’m gonna go up there and 
talk to these guys,” he says, impressed. 

The CLARITY technique, which 
Deisseroth and colleagues have been working 
on for about 6 years, skips over slicing entirely 
and instead tackles the biggest obstacle to tra- 


Before 


The brain is a 


from famous neuroanatomist Santiago Ramon y Cajal. 


ditional brain imaging: the fatty molecules, 
called lipids, that form the cellular mem- 
branes that keep neurons and other brain cells 
and organelles intact. Much as oil on sunlit 
water produces a rainbow sheen, these mol- 
ecules scatter light in all directions, making it 
impossible to use light-based microscopy to 
see more than a few hundred microns deep 
into the brain. Lipids also repel many sub- 
stances, such as antibodies, making it difficult 
to label specific types of cells without cutting 
the brain into sections. 

Because lipids maintain the brain’s struc- 
ture, just getting rid of them isn’t an option, 
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Disappearing act. CLARITY-treated mouse brain (right) reveals quote 


Deisseroth says. “Everything would just slosh 
around.” Instead, CLARITY first replaces 
the lipids with a water-based gel by infus- 
ing a brain, or any other tissue, with single 
molecules of acrylamide—the same clear, 


jelly-like substance used to separate and ana- 


lyze DNA molecules through electropho- 
resis. The fatty molecules are then flushed 
out with a combination of electrical current 
and detergent. For a roughly 4-mm-diameter 
mouse brain, the process takes about 9 days, 
Deisseroth says. 

“This is a significant improvement” over 
previous methods of removing lipids from 
brain tissue, notes neurophys- 
icist David Kleinfeld of UC 
San Diego. Although other 
labs have attempted to render 
the brain clear, he says, pre- 
vious attempts have left the 
tissue far too fragile to work 
with. Kleinfeld says that he 
plans to use CLARITY to 
study the human brainstem, 
a region that is difficult to 
image because of all the lipid- 
packed myelin that surrounds 
neurons in that area. “We’re 
pretty psyched.” 

One of the most exciting things about the 
technique is that it allows researchers to infil- 
trate the brain with labels for specific cell 
types, neurotransmitters, or proteins; wash 
them out; and image the brain again with dif- 
ferent labels, Sejnowski says. “In one shot, 
you can look at every molecule in the brain 
that has that label.” Digitizing the process 
will speed up by a hundredfold tasks such 
as counting all the neurons in a given brain 
region, he adds. 

In the Nature paper, Deisseroth and col- 
leagues describe using the technique to image 
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not only the mouse brain, 
but also small blocks of 
postmortem brain tissue 
from a person with autism. 
The experiment confirmed 
that the method works with 
brains preserved in forma- 
lin, a common fixative. 

Will scientists ever 
be able to use CLAR- 
ITY to look at an entire 
human brain? Although the 
notion is “not outrageous,” 
it would require build- 
ing a much, much bigger microscope lens, 
Kleinfeld says. “We haven't pushed that limit 
yet,” Deisseroth says. Now, existing micro- 
scopes can image up to only 6 to 8 mm in 
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On a roll. Karl Deisseroth wants to 
revolutionize neuroscience. 


diameter of clarified brain 
tissue at a time—about the 
size of a whole adult mouse 
brain, he says. That’s con- 
venient, Deisseroth says, 
because it’s about the size 
of what many research- 
ers believe to be the core 
computational unit of the 
human cortex. 

Although he agrees 
that CLARITY will lead 
to a “major advance” in 
tissue morphology, the 
technique may be dangerous and expensive 
for other labs to adopt, warns neuroimaging 
expert Hans Ulrich Dodt of the Vienna Uni- 
versity of Technology, who has been explor- 


ing other methods to render tissues transpar- 
ent. For one thing, acrylamide is highly toxic 
and carcinogenic, “so it’s going to be a mess, 
and severe safety precautions have to be 
taken.” Deisseroth acknowledges the need 
for caution, but he expects that other labs 
will find the new technique easy to adopt. He 
has already run several workshops to share 
the method. 

Nora Volkow, director of the National 
Institute on Drug Abuse in Bethesda, Mary- 
land, and one of the reviewers of the National 
Institutes of Health Director’s Transforma- 
tive Research Award that funded the experi- 
ment, describes CLARITY as “magnificent.” 
Deisseroth is an “extraordinary individual and 
extremely creative,” she says. 

EMILY UNDERWOOD 


A Human Smile and Funny Walk for Australopithecus sediba 


If you happened to be in South Africa about 
2 million years ago, you might have seen an 
odd sight: an older female hominin sashay- 
ing down a wooded slope, perhaps in search 
of water. She walked upright, but she wasn’t 
human, and she moved with what to our eyes 
would have looked like a distinctly strange 
gait. She was a member of Australo- 
pithecus sediba, and according to new 
analyses of fossils published online in 
Science this week (see p. 163), she may 
have twisted from side to side, rolling 
her feet inward with each step. 

“Sediba’s got swag,” says paleo- 
anthropologist Lee Berger of the Uni- 
versity of the Witwatersrand in Johan- 
nesburg, South Africa. At least, she 
would have had swag until she fell into 
a death pit—a deep cave—at the site 
of Malapa, where she was buried with 
a youth and at least one other of her 
kind for nearly 2 million years before 
Berger and his son found them in 2008 
(Science, 9 April 2010, p. 154). 

The six new papers analyze two 
partial skeletons of Au. sediba, plus a 
shinbone of a third individual. They 
offer the most detailed picture yet of 
how this species moved and its rela- 
tionship with other hominins, includ- 
ing our own ancestors. The remarkably 
complete skeletons reveal a strange creature 
with a small brain and primitive walk—but 
some surprisingly human teeth. “When you 
look at Au. sediba from head to toe, you get 
a package that’s very different from any- 
thing we've ever seen or predicted,” Berger 


says. The analyses detail many traits shared 
with our genus Homo, in the spine, vertebral 
column, knee, teeth, and jaws, and Berger 
argues that Au. sediba could be the long- 
sought species that gave rise to Homo. 

Few paleoanthropologists agree. But 
they say that at the very least, the new papers 


Jaw dropper. Au. sediba’s skull shows a surprising mix of 
primitive features, such as a small brain, coupled with more 
human features in the jaw and teeth. 


offer a detailed view of a novel way to be 
a member of the extended human family. 
They also show how evolution remodels the 
same body plan in diverse ways in different 
habitats. “If you look at the discoveries of 
hominins 2 to 3 million years ago, each one 


seems to shuffle the deck [of traits] in differ- 
ent ways,” says paleoanthropologist William 
Kimbel of Arizona State University, Tempe. 
“It adds another subtle layer of information 
about the diversity of African hominins.” 

The outlines of Au. sediba have been pre- 
sented before, but the latest work brings this 
strange hominin into ever sharper focus. For 
example, ever since Berger's team discussed 
a chimpanzeelike heel from one of the skel- 
etons at a meeting last year (Science, 4 May 
2012, p. 538), researchers have wondered 
how the species could walk upright. The 
bottom of the heel, preserved in the older 
female, is “exceptionally small,” twisted, 
and pointed as in a chimp, compared with 
the broad, flat base of a human heel bone, 
the authors write in Science (see image, 
p. 133). The narrow heel offers far less sur- 
face area on which to distribute weight when 
the foot strikes the ground, explains biologi- 
cal anthropologist Jeremy DeSilva of Bos- 
ton University, first author of the foot and 
leg paper. (Chimps knuckle-walk, using 
their arms for added stability to support their 
skinny heels.) 

In their analysis of bones from the female 
skeleton’s leg, DeSilva and his colleagues 
propose that Au. sediba had an arched foot 
that allowed it to put weight simultaneously 
on its heel and the outside of its midfoot. As 
it took each step, it must have pronated the 
foot, rolling it markedly inwards. 

If modern humans try such a maneuver, 
they'll quickly find that the hyperpronation 
puts torque on the foot, and also causes the 
lower leg and thigh to rotate excessively, 
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straining the muscles that cross the 
knees and hips. Indeed, the new 
papers reveal signs of such strain 
in the ankle, knee, and hip, show- 
ing that Au. sediba compensated for 
the pronated walk. For example, the 
female’s knee showed an “extreme” 
bony protrusion that may have helped 
to alleviate this stress and prevent 
the kneecap from dislocating, the 
authors write. Both partial skeletons 


Twisted sister. 
This composite of 
Au. sediba is partly 
based on a female 
skeleton that would 
have walked with a 
twist, because her 
heel (inset, center) 
was pointed like a 
chimp’s (inset, left) 
rather than flat like 
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method used by Irish doesn’t include 
confidence intervals, showing which 
family trees are most reliable. “With- 
out more information, I don’t know 
whether this is something I want to 
bet $5 on on, or $500 dollars on,” 
Wood says. 

Others point out that Au. sediba was 
alive after Homo came on the scene: 
The first fossil assigned to our genus 
is a lower jaw in Ethiopia dated to 


also have flexible vertebral columns 
that have the curvature of the spine, 
or lordosis, that is considered a hall- 
mark of upright walking. 

Other researchers agree that 
despite the chimplike heel, the rest 
of the bones show that Au. sediba 
walked upright: “It’s definitely a 
biped,” says anatomist Bruce Latimer 
of Case Western Reserve University 
in Cleveland, Ohio. But it sure had an 
odd walk. “This particular hominid 
is walking in a different way than all 
earlier hominids,” says paleoanthro- 
pologist Brian Richmond of George 
Washington University in Washing- 
ton, D.C., who calls the team’s recon- 
struction of the gait “provocative.” 
He and others wonder if the older 
female’s style of walking might ha 
jooked odd even to another Au. sed- 
iba, perhaps because of injury. “The 
<ey question is whether this was typi- 
cal for the species.” 

The other new papers tackle dif- 
ferent parts of the anatomy, such 
as the shoulder and arm, which are 
rimitive and chimplike. This shoulder 
and the long arm show that Au. sediba was 
still spending a lot of time climbing tr 
or scrambling up rocky cliffsides, Berger 
says. Yet, an earlier analysis revealed a more 
humanlike hand. 
The female skeleton’s teeth, which are 
often considered useful for sorting out evo- 
utionary relationships, also show an inter- 
esting mix of primitive and human traits. 
Bioarchaeologist Joel Irish of Liverpool 
John Moores University in the United King- 
dom and collaborators compared Aw. sedi- 
ba’s teeth to those of more than 340 fossils 
of seven species of hominins to sort out how 
they are related to each other. Irish did a cla- 
distic analysis of 22 inherited dental traits, 
such as small cusps or a shovel shape. Not 
surprisingly, the team found that Aw. sediba 
is most closely related to Au. africanus, a 
species close to it in both space and time, 
living in South Africa roughly 3 million to 
5 2 million years ago. 
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a humans (inset, 


right). 


that both of 
y related to 


But the analysis also found 
hese species are more close 
early Homo than they are to other members 
of Australopithecus from east Africa. This 
uggests, as Berger has argued for years, 
that the South African species may knock 
he queen of australopithecines, Lucy—a 
member of Au. afarensis—off her long-held 
perch as the most likely ancestor of Homo. 
That’s a radical view. Some paleoanthro- 
pologists critique the methodology of the 
dental analysis, which identifies inherited 
traits that vary among modern humans and 
are used to distinguish lineages within our 
species. It’s unclear whether those traits are 
the best ones for sorting out relationships 
among hominins that lived millions of years 
ago. “These are minor differences in the 
crowns [of teeth],” Kimbel says. “To try to 
apply this to hominins that are millions of 
years old is fraught with difficulty.” Paleo- 
anthropologist Bernard Wood of George 
Washington University is concerned that the 


wn 


2.4 million years ago. “Sediba is 
unique and very interesting, but sed- 
iba came too late to the party to be the 
ancestor of Homo,” Richmond says. 
But Berger wonders if that jaw, which 
was found isolated, not connected to 
a skull or skeleton, is truly Homo. An 
isolated Au. sediba jaw would look a 
lot a Homo jaw, he notes. 

However Au. sediba is related to us, 
what’s exciting about this set of discov- 
eries, Richmond says, is that the “fos- 
sils are complete enough that we’re 
starting to under- 
stand how these 
regions of anatomy 
are related to other 
regions of anatomy,” 
connecting jaws to 
spines and feet. 

Despite the 
wealth of fos- 
sils, researchers want more: They say 
another heel or more bones from the 
forefoot could “test the model” of 
how the species walked, Latimer says. 
Comparisons with other australopith- 
ecines would also help, but the tiny bones 
of the foot are so rarely preserved that the 
Au. sediba foot bones don’t overlap with 
the handful known for other ancient hom- 
inins. For example, the primitive foot of a 
still unnamed species of Australopithecus 
from Burtele, Ethiopia, has an opposable 
toe bone, but it’s not clear if it pronated, and 
those toe bones are missing for Au. sediba. 
An answer might come from the 2-million- 
to 3-million-year-old Little Foot skeleton— 
named for its many foot bones—found just 
15 kilometers away at Sterkfontein Caves. 
But that skeleton is being excavated by a 
rival team of fossil hunters who have yet 
to publish in detail (Science, 9 September 
2011, p. 1374). 

More will be coming: The remainder of 
the defining type specimen of Au. sediba still 
lies inside a rock, waiting to be excavated. 
Berger’s team plans to return to Malapa to 
begin digging for new fossils this summer. 
-ANN GIBBONS 
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PHYSICS 


Two-Billion-Dollar Cosmic Ray 
Detector Sees Signs of Something 


Don’t scratch “discover what dark matter 
is” off your cosmological to-do list just yet. 
This week, physicists working with a $2 bil- 
lion cosmic ray detector aboard the Interna- 
tional Space Station confirmed a previously 
reported excess of antiparticles from space 
that could emanate from dark matter, the 
mysterious stuff whose gravity binds the 
galaxies. If so, the observation could help 
scientists determine the nature of dark mat- 
ter. But the excess measured by the 6.7-tonne 
Alpha Magnetic Spectrometer (AMS) could 
also be subatomic exhaust from a pulsar or 
some other mundane astronomical object. 
And determining which explanation is cor- 
rect may require entirely different types of 
experiments and could take years. 

“The question is, now what?” says 
Stéphane Coutu, a cosmic ray physicist at 
Pennsylvania State University, University 
Park, who does not work on AMS. “The 
answer is, that’s a good question.” 

The brainchild of Samuel C. C. Ting, a 
77-year-old Nobel Prize-winning particle 
physicist, AMS was bolted to the space sta- 
tion on 19 May 2011 after a long gestation 
in which the international project was killed 
and resurrected (Science, 22 April 2011, 
p. 408). Since then, he and the 347 members 
of the AMS collaboration have measured 
the ratio of antielectrons, or positrons, to the 
total number of electrons and positrons, as 
Ting reported in a talk on 3 April at the Euro- 
pean particle physics laboratory, CERN, near 
Geneva, Switzerland. According to standard 
astrophysics, that “positron fraction” should 
be small and should fall as energy increases. 
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Instead, AMS found that the positron fraction 
increases from 5% at an energy of 10 giga- 
electron volts (GeV) to more than 15% at an 
energy 35 times as high, Ting reported. 

The extra positrons could arise from 
dark matter. According to popular theories, 
dark matter could consist of weakly interact- 
ing massive particles, or WIMPs. When two 
WIMPs collide, they could annihilate each 
other to produce an electron-positron pair, 
bumping the positron fraction closer to 50%. 
Such an excess had been previously reported, 
but physicists questioned the reliability of 
those results. The AMS data prove that the 
excess is real, Coutu and others says. 

But does it point to dark matter? The pos- 
itrons could instead emanate from a spinning 
neutron star called a pulsar, if it were close 
enough to Earth. Ting and the AMS team 
acknowledge the point. In a paper in Physi- 
cal Review Letters, they do not mention dark 
matter as the source of the excess but instead 
refer to “new physical phenomena.” 

AMS can ultimately determine 
the source on its own, Ting says. If 
the positrons come from the anni- 
hilation of dark matter particles, 
then their energy must be limited 
by the mass of those particles. So 
the positron fraction should plum- 
met as energy increases beyond a 
distinct “cutoff.” In contrast, an excess from 
an astrophysical source should ebb away with 
increasing energy, Ting says. “If we have a 
sharp drop-off, it is a very strong indication 
of dark-matter collisions,” he says. The AMS 
data suggest that the positron fraction levels 
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One and only. AMS is the only major experiment 
on the International Space Station. 


off at the highest energies analyzed so far, and 
additional data should reveal whether it goes 
over a cliff. 

Not everyone buys it. An astrophysical 
source can crank out particles with a sharp 
energy cutoff, too, says Gregory Tarlé, a cos- 
mic ray physicist at the University of Michi- 
gan, Ann Arbor. “It’s very easy to put a cutoff 
into an astrophysical model,” he explains. “All 
you have to do is limit the size of the particle- 
accelerating region.” So even if AMS sees a 
cutoff, the observation will remain ambigu- 
ous, Tarlé says. 

In fact, details of the AMS results them- 
selves could make it harder to explain the 
excess in terms of dark matter, says John 
Ellis, a theorist at King’s College London. 
The AMS data show that the positron excess 
extends to energies higher than previous 
measurements could probe. That implies that 
WIMPs must weigh at least 300 or 400 GeV, 
which strains theoretical models, Ellis says. 
“AMS is painting dark matter into a rather 
small corner,” he says. “Whether there’s 
enough room for it to stand up, I don’t know.” 

Perhaps ironically, cosmic ray physicists 
argue that the positron excess can never be 
deciphered by staring at the sky. Instead, they 
seek insight from a different source: an atom 
smasher, such as CERN’s Large Hadron Col- 
lider (LHC). According to some models, it 
ought to be possible to make WIMPs with 
the LHC. Spotting such production would be 
necessary to clinch a dark-matter explanation 
for AMS’s observations, Coutu and Tarlé say. 

How long will it take to settle this? Don’t 
wait up. AMS may have to collect data for 
another few years to see if there is a cutoff in 
the positron fraction, Ting says. And the LHC 
has shut down until 2015 for repairs. “I’m 
47,” Coutu says. “I'd like the answer before I 
keel over, but who knows?” 

The uncertainty aside, the results mark a 
triumph for Ting, who all but willed AMS into 
orbit. Proposed in 1994, the detec- 
tor made a test flight on NASA’s 
Space Shuttle in 1998. But it 
appeared permanently grounded 
after the shuttle Columbia disin- 
tegrated on reentry in 2003 and 
NASA rethought the shuttle pro- 
gram. Undaunted, in 2008 Ting 
secured a congressional mandate that NASA 
launch AMS, to which the United States is 
one of 16 contributing nations. The AMS 
paper acknowledges nine current and former 
senators and representatives for their support. 

-ADRIAN CHO 
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From 
Cosmic Dawn 


To Milkomeda, 
And Beyond 


The thoughts of Harvard theorist Avi Loeb traverse the universe, 
past and future—and he urges young researchers to be just as daring 


CAMBRIDGE, MASSACHUSETTS—A file cabi- 
net drawer in the office of Abraham (“Avi”) 
Loeb is simply labeled “IDEAS.” It holds a 
single hanging file with a few manila fold- 
ers, each containing sheets of paper display- 
ing equations in Loeb’s crisp penmanship. “I 
have ideas all the time; they just bubble up,” 
he says. “I keep adding a piece of paper here 
if I don’t have time to work on it.” 

In Loeb’s 20 years at the Harvard- 
Smithsonian Center for Astrophysics, those 
minimalistic sheets have seeded a breadth 
of research rivaled by few theorists in astro- 
physics. His prodigious publication record 
spans three books (including an award- 
winning popular volume), 430 papers, 
and counting. 

Loeb is best known to cosmologists for 
illuminating the messy physics of the “cosmic 
dawn,” when light from the first stars and gal- 
axies seared holes into the hydrogen gas that 
suffused the new universe. He and his many 
colleagues have also described how to spot 
ancient gamma ray bursts, how giant black 
holes may have grown and merged, and how 
to take the first image of a black hole—key 
predictions that led to campaigns to observe 
such extreme physics. But his ruminations 
have also spawned papers on searching for 
imprints of life in exoplanet atmospheres, 
detecting light from nearby alien civilizations, 
and how astronomers of the far future might 
deduce the expansion history of the universe. 

Loeb tries to foster this mix of serious 
data-driven theory and adventuresome pro- 
jection among students and researchers at 
Harvard's Institute for Theory and Computa- 
tion (ITC), which he directs. “Following Avi’s 
work can be quite dizzying,” says Mordehai 


Milgrom of the Weizmann Institute of 
ence in Rehovot, Israel, one of Loeb’s first 
tutors in astrophysics. Adds Frederic Rasio, 
an astrophysicist at Northwestern University 
in Evanston, Illinois: “There is hardly a ques- 
tion in astrophysics—any subject, really: 
that Avi has not touched at some point.” 


Plucked from the farm 

The 51-year-old Loeb traces his far-flung 
musings to his childhood on a village farm in 
Israel, about 20 kilometers from Tel Aviv. His 
father was head of Israel’s industry for pecans; 
the family also raised chickens and grew 
oranges and grapefruits. After collecting eggs 
and doing other chores with his two older sis- 
ters, Loeb would drive a tractor into the hills 
and spend hours reading books by existential 
philosophers. “I often considered returning,” 
he says. “It’s a more relaxing style of living.” 

At age 18, Loeb was chosen with two 
dozen other young men for an elite Israeli 
military program called Talpiot. He studied 
physics and mathematics at the Hebrew Uni- 
versity of Jerusalem and underwent basic 
training in paratrooping, driving tanks, and 
other soldiering. During and after his gradu- 
ate program he worked at the Soreq Nuclear 
Research Center, where he led a weapons 
project to propel masses using electric dis- 
charges to ignite material with lower atomic 
weight than gunpowder, such as polyethyl- 
ene. He earned a Ph.D. in plasma physics at 
age 24 and completed his compulsory ser- 
vice 2 years later. 

Loeb’s innovations at Soreq caught the 
attention of U.S. Air Force Gen. James 
Abrahamson, who came to Israel as the 
first director of President Ronald Reagan’s 


Strategic Defense Initiative program. The 
general's staff invited Loeb to visit the United 
States, where the era’s leading plasma physi- 
cist, Marshall Rosenbluth, steered him toward 
the Institute for Advanced Study (IAS) in 
Princeton, New Jersey. There, noted astro- 
physicist John Bahcall first invited Loeb for a 
1-month stay, then stunned him with an offer 
of a 5-year appointment—but only if Loeb 
switched from plasma physics to astrophysics. 
Loeb marvels at the “wild that Bahcall, 
who died in 2005, took in hiring him. “I owe 
him my career,” he says. 

From IAS, Loeb took an assistant pro- 
fessor job at Harvard in 1993, despite warn- 
ings that promotion was improbable. “At the 
time, Harvard viewed junior faculty almost 
as a glorified postdoc,” says Harvard astro- 
physicist Jonathan Grindlay. “It was not a 
healthy environment.” But nearly 4 years 
later, when Loeb had tenure offers from 
Cornell University and the Weizmann Insti- 
tute, Harvard made the rare decision to keep 
him. “He said we would be glad we hired 
him,” chuckles Robert Kirshner, the astron- 
omy department chair at the time. “Avi has 
mellowed a bit, but this great self-confidence 
has remained in place.” 


From darkness to light 

Loeb’s promotion came at a time of profound 
personal change. He divorced his first wife, 
who lived separately in New York in a mar- 
riage that never had worked, and months 
later met Ofrit Liviatan in Israel—through a 
connection arranged by the pair’s mothers. 
Liviatan, a lawyer in Israel, joined Loeb in 
Cambridge a year later. She now lectures in 
Harvard’s Department of Government. 
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The couple lives in a quiet setting in Lex- 
ington, about 20 minutes outside Boston, 
with daughters Klil, age 11, and Lotem, age 7. 
Loeb works on their 1 10-year-old house and 
watches the sky from his back porch, amid a 
constant flow of ideas. “One day it may stop,” 
he says. “But so far, it hasn’t.” 

Many of those ideas concern the “epoch 
of reionization”—the long era when ultra- 
violet light from stars and galaxies split 
the universe’s dark fog of neutral hydrogen 
into protons and electrons, starting about 
100 million years after the big bang. In papers 
establishing a now-accepted paradigm, Loeb 
and his many students and postdocs built up 
the physics of how ionized hydrogen “bub- 
bles” spread into ever-evolving patterns as 
stars and quasars lit up, like a cosmic sponge 
growing more porous with time. 

The leftover neutral hydrogen emitted 


The Loeb files. At home in 1966 in Beit Hanan, 
Israel, with sister Shoshana; at the Hebrew University 
of Jerusalem in 1982 during Talpiot military training 
(Loeb at rear left); playing soccer in 2009 with Har- 
vard University colleagues. 


a hum of radiation at a wavelength of 
21 centimeters. Loeb’s calculations sug- 
gested that low-frequency radio antennae 
on Earth could tune into that hum, stretched 
out up to 3 meters long on its way here by 
the ongoing expansion of space. The more 
distant the hydrogen, the more its humming 
gets stretched. Loeb probed in detail how 
astronomers could harness that “redshift” to 
create a tomographic atlas of the hydrogen 
fog burning off during the cosmic dawn, a 
process that took up to a billion years. 

Colleagues credit Loeb for the theoreti- 
cal underpinnings supporting major radio- 
astronomy efforts in Australia, Europe, and 
South Africa to unveil those patterns. “Avi 
has done more than anybody to explain 
how important this period of time was and 
what facilities would be needed to unravel 
the physical detail of what happened,” says 
astronomer Richard Ellis of the California 
Institute of Technology in Pasadena. 

Loeb takes as much pride in two other 
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pursuits that helped chart a course for 
observers. In a 1992 study at IAS, Loeb and 
Andrew Gould, who is now at Ohio State 
University, showed that planets circling 
other stars could reveal themselves by caus- 
ing brief flares of light from background 
stars via gravitational “microlensing”—still 
the only method that exposes exoplanets in 
distant parts of the Milky Way. And about a 
decade ago, Loeb and colleagues calculated 
that gamma ray bursts—the most powerful 
explosions known—near the margins of the 
observable universe should remain visible to 
telescopes. NASA's Swift satellite soon con- 
firmed the predictions. 

The studies reflect an unshakable tenet 
of Loeb’s work: contact with data. He avoids 
the mathematical conjectures of what he 
calls “theory bubbles,” and he steers students 
away from them as well. “There is one real- 


ity out there,” he says. “It’s dangerous to work 
on abstractions with no feedback from data. 
Some physicists do not understand this.” 


Astro-venture capital 

Even Loeb’s riskier papers—which gain far 
more public notice—are grounded in phys- 
ics that extrapolates from today’s data. For 
example, he and ITC postdoctoral fellow T. 
J. Cox, who is now at the Carnegie Obser- 
vatories in Pasadena, simulated the crash of 
the Milky Way and our galactic neighbor, 
Andromeda, starting in about 2 billion years. 
Our solar system, they deduced, would prob- 
ably be tossed near the outskirts of the giga- 
galaxy, which Loeb dubbed “Milkomeda.” 
In the far future, he calculated, the relent- 
less acceleration of the universe due to 
dark energy would render all other galaxies 
invisible. Still, he claimed in a recent paper, 
Milkomedan astronomers could retrace 
what had happened by studying light from 
closer stars ejected from the merged galaxy 
by its giant central black hole. 

Lately, Loeb has been drawn to the pros- 
pects of detecting life elsewhere. One sign- 
post would be spectral traces of oxygen in 
the atmosphere of a rocky world. According 
to Loeb and astrophysicist Dan Maoz of Tel 
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Aviv University, NASA’s upcoming James 
Webb Space Telescope could spy that faint 
signal from planets orbiting white dwarfs, the 
dense Earth-size remnants of stars like our 
sun. In another E.T.-tinged study, Loeb and 
Princeton astrophysicist Edwin Turner pro- 
posed using future telescopes to look for “city 
lights” from other civilizations—and testing 
the method now by scanning the outskirts of 
our solar system. 

Some colleagues compare him to vision- 
ary physicist Freeman Dyson of IAS, but Loeb 
knows that many others regard such specula- 
tive work with raised eyebrows or worse. “But 
frankly, I don’t care,” he says. Creativity and 
challenging convention spur the best research, 
he says. Federal funding agencies have lost 
sight of this, Loeb says, dooming pioneering 
missions like the Laser Interferometer Space 
Antenna to detect gravitational waves. 


In a recent paper, Loeb made waves by 
urging young astrophysicists to devote 20% of 
their research to innovative “venture capital” 
projects outside the mainstream. “It requires 
a certain amount of bravery to come up with 
these things,” Milgrom of the Weizmann 
Institute says. “People are afraid to do risky 
work, but words from Avi can be influential.” 

Loeb now has less time to publish papers 
at will. In addition to directing ITC, he is 
chair of the Harvard astronomy department. 
At ITC, his peers note, Loeb has built a team 
that is at once high-powered and collegial. 
Prize-winning postdoctoral fellows and 
graduate students like what they see. “They 
get all the best young people now,” a col- 
league says privately. “No one can compete 
with them.” 

Despite the demands, notions keep com- 
ing to Loeb in his shower and on his porch. 
Now, edging ever closer to Earth, he anda co- 
author are honing a new theory of how the 
moon formed. “I still have a niche: ideas that 
other people do not think about,” he says with 
asmile. “There is room for innovation’ —and 
for another sheet in the file drawer. 

—-ROBERT IRION 


Robert Irion directs the Science Communication Pro- 
gram at the University of California, Santa Cruz. 
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Much to geophysicists’ consternation, the 
first space probes to orbit the moon were 
misbehaving badly, showing up in the 
wrong places at the wrong times. Some- 
thing about the gravitational pull of the 
moon was throwing off their orbits. But 
what? In 1968, two NASA scientists found 
the culprit, or rather culprits: The moon’s 
great basins were exerting an unexpected 
extra pull on passing satellites. 


Pesky Perchlorates 
All Over Mars 


Five years ago, the Phoenix lander found per- 
chlorate salts in one spot in the martian arctic. 
Now, Curiosity rover has discovered perchlorates 
in equatorial Gale crater as well, implying that 
they carpet the martian surface. The discovery 
explains why the rover stumbled in its first search 
for organic traces of ancient martian life. Indeed, 
perchlorates, it seems, have been frustrating 
three generations of organic analyses on Mars. 
Curiosity’s discovery of perchlorate salts— 
compounds consisting of a chlorine atom, four 
oxygens, and an element like magnesium—came 
when it ran its first solid sample through its Sam- 
ple Analysis at Mars (SAM) instrument package. 
The rover scooped windblown dust into SAM and 
gradually heated it up to 835°C. It continuously 
flushed the resulting gases—which researchers 
hoped might include volatile organic matter— 
through a mass spectrometer for identification. 
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That made no sense, of course. Those 
basins are low spots where huge impacts have 
gouged out megatons of rock, not added mass. 
Somehow, there is hidden extra mass under 
many lunar basins, making them basins with 
mass concentrations or mascon basins. How 
did the extra mass get there? At the meeting, 
a group of researchers reported how over mil- 
lions of years the moon’s subtle adjustment to 
an impact might eventually create a high spot 


At the meeting, Paul Archer of NASA's Johnson 
Space Center in Houston, Texas, and fellow Curiosity 
team members reported that as the sample temper- 
ature passed through about 400°C, SAM identified 
both molecular oxygen and a variety of chlorine- 
containing, single-carbon compounds. Together, 
those molecules made “a strong case for perchlo- 
rates” in the sample, Archer said. 

That's because perchlorate salts in martian soil 
would have decomposed to chlorine and oxygen at 
that sort of temperature, and the chlorine would 
have combined with any nearby carbon to form the 
observed single-carbon compounds. Meanwhile, 
the oxygen would have burned any other carbon 
compounds present to carbon dioxide, which also 
came out then. The coincident release of oxy- 
gen and chlorinated compounds plus the previ- 
ous detection of chlorine in every martian soil ever 
tested “lead to the conclusion that perchlorates are 
globally distributed on Mars,” at least in the soil, 
the group said in its meeting abstract. 

Pervasive perchlorates would explain a lot. Their 
presence on Mars wasn’t so surprising once geo- 
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Mottled moon. In this GRAIL gravity map, mascon 
basins are red, circular, and blue-ringed. 


in the moon’s bumpy gravitational field. 

Two developments in planetary science 
have helped finally generate a solution to 
the mascon mystery. One was the advent 
of stunningly detailed lunar observations. 
NASA’s twin-spacecraft Gravity Recovery 
and Interior Laboratory (GRAIL) mission 
mapped the subtle variations of gravitational 
pull with a resolution of 10 kilometers or so 
over the entire moon (Science, 7 December 
2012, p. 1272). That painted a clear gravity 
picture of mascons: a bull’s-eye pattern of 
higher-than-expected gravity across a basin 
hundreds of kilometers wide, ringed by a 
band of lower gravity and an outermost ring 
of higher gravity. 

The other development came back on 
Earth. Computer modelers had managed to 
inject such realism into their models that 
they could hope to match their simulated 
mascon formation to the GRAIL gravity 
map. So at the meeting, physicist Brandon 
Johnson of Purdue University in West Lafay- 
ette, Indiana, and 10 colleagues showed how 
they simulated the impact of a 50-kilometer- 
diameter rock plunging vertically into the 
moon at 54,000 kilometers per hour. In the 
model, the collision left behind a broad, shal- 
low basin, a ring of reduced gravity where 


chemists thought about it: The ultraviolet of sun- 
light could produce them by zapping other com- 
pounds in the atmosphere or directly in the soil, 
where the aridity of Mars would preserve them, as 
the aridity of Earth's Atacama Desert does. Heating 
them together with any sort of carbon-containing 
compounds—once-living or not—in martian soil 
would yield Curiosity’s result, which closely matches 
what the two Viking landers saw in their own 
heated-sample experiments in the late 1970s. The 
less sensitive Phoenix lander experiment detected 
only carbon dioxide in its heating experiments. 
Bottom line: Experiments to date on Mars may 
or may not have detected martian organic mat- 
ter. And because hot perchlorates react with any 
kind of carbon, it’s unlikely that the question can 
be settled with heating experiments alone. But 
Curiosity isn’t finished. In a first on Mars, SAM can 
isolate certain types of organic compounds at low 
temperatures before sending them on to the mass 
spectrometer. The catch is that SAM can run this 
“wet chemistry” analysis only seven times in the 
entire mission. Choose wisely, Curiosity. -R. A. K. 
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less dense ejecta had piled on the crust, anda 
central pool of melted mantle rock more than 
100 kilometers deep. 

In the next talk, planetary scientist Andrew 
Freed of Purdue, speaking for the same 
group, reported on their modeling of the next 
100 million years of an impact basin’s life: 
This is when all that hot rock slowly cools, a 
rigid lid of mostly mantle rock forms over top, 
and relatively dense or light chunks of rock 
can slowly sink or float in the still-viscous 
mantle. Both simulations had to get many 
steps right, Freed said. Most critically, the 
rigid lid must form and lock the temporarily 
elevated central basin in place before the ring 
of thickened crust—which is floating up— 
sucks mantle rock from beneath the central 
basin. Losing that mass would rob the central 
basin of the mass responsible for the mascon. 

Freed reported that their two-step mod- 
eling produced the same bull’s-eye gravity 
pattern seen in GRAIL data at two impact 
basins, even though the two sites had differ- 
ent preimpact crustal thicknesses. The same 
modeling approach even duplicated the 
mascon of the humongous 960-kilometer- 
diameter Orientale basin, the group reported 
at a poster the same day. The modeling 
includes physical “mechanisms we know are 
there,” Freed said. “If we model those mech- 
anisms well, the mascons pop out. It’s really 
hard to mess this calculation up.” 

Planetary geophysicist William McKin- 
non of Washington University in St. Louis 
calls the results “very interesting and a nice 
step forward” but notes that the studies so far 
leave out some potentially important mech- 
anisms, such as the flow of pulverized rock 
in an impact. He will be looking for another 
round of modeling. 


More Support for An 
Ocean in Enceladus 


Now that the Cassini spacecraft has made 
its last close-up observations of Saturn’s 
moon Enceladus, mission team members 
are pushing to prove once and for all that 
the 500-kilometer-diameter moon harbors a 
salty—and habitable—ocean far below its 
icy surface. They aren’t there yet, but at the 
meeting, researchers argued that the latest 
2 Cassini observations make the most sense if 
liquid water is escaping from a deep ocean 
through cracks in Enceladus’s outer ice shell 
to produce the plume spewing from the 
moon’s south polar region. 

Some planetary scientists had thought 
that they had figured out the mechanics of 
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Enceladus’s plume. It appeared to them that 
Saturn’s varying tidal pull on Enceladus 
was pushing on opposing sides of four great 
cracks running across the south pole region, 
moving them back and forth. The resulting 
frictional heat would melt some ice, sending 
plumes into the vacuum of space—no deep 
ocean required. 

But at the meeting, Carolyn Porco of 
the Space Science Institute in Boulder, 
Colorado—Cassini’s camera team leader— 


Snapshots From the Meeting 


Hot time on the ol’ Mars? The Curiosity rover 
has come across hints of chemical reactions 
on Mars that could have produced the organic 
“building blocks of life,” but without any life. 
Jennifer Stern of NASA's Goddard Space Flight 
Center in Greenbelt, Maryland, and fellow 
Curiosity team members reported that when 
Curiosity gradually heated windblown dust, 
the process produced molecular fragments 

at about 800°C. These appear to be cyanide 
(a carbon-nitrogen compound) and hydro- 
gen cyanide. Another Curiosity team member, 
Andrew Steele of the Carnegie Institution of 
Science’s Geophysical Laboratory in Wash- 
ington, D.C., reported the high-temperature 
release of the same molecules from another 
martian sample, a piece of the Tissint mete- 
orite recently arrived from Mars. Using high- 
powered instruments in the lab, Steele could 
see that the nitrogen-containing compounds 
in Tissint likely formed when hot water inter- 
acted with martian rock. Another product of 
those reactions appears to have been organic 
matter. So if Curiosity turns up organic matter 
on Mars, the next chore will be telling whether 
it was ever alive. 


Cracked up. The four bluish, parallel lines mark cracks 
on Enceladus from which a deep ocean may vent. 


and colleagues suggested a scenario that bet- 
ter fits the observations. Saturn’s tides are, in 
fact, working on the fractures, they found, but 
individual plume jets tend to occur where tidal 
stresses are calculated to be pulling cracks 
apart, rather than where they create frictional 
heat. And tidal opening of cracks tends to 
coincide with the times when the south polar 
plume is seen to intensify, suggesting that the 
opening cracks are letting something escape. 
That something, Porco and col- 
leagues conclude, is warm water 
from a deep ocean. If it were 
meltwater from any frictional 
heating in the cracks, their calcu- 
lations show the surrounding ice 
would be noticeably heated for 
several kilometers along a crack. 
But researchers on Cassini’s heat- 
sensing imager team reported last 
fall that hot spots on cracks are no 
bigger than a few tens of meters. So it looks 
as if tidal stresses are opening cracks through 
kilometers of ice and letting ocean water 
escape to space. 
“That’s definitely a possibility,” says 
planetary physicist David Stevenson of the 
California Institute of Technology in Pasa- 
dena. Frictional heating doesn’t seem to be 
working out, he says, so “instead they are 
tapping heat from the ocean.” Next up, he 
adds, is showing how such a plumbing sys- 
tem could keep going for millennia. Still, 
Stevenson says, “progress is being made.” 
-RICHARD A. KERR 


A messenger from Mercury? Big impacts on 
the moon and Mars have blasted off bits of 
rock that have been picked up on Earth, so why 
not a meteorite from Mercury? At the meeting, 
meteoriticist Anthony Irving of the Univer- 
sity of Washington, Seattle, and colleagues 
proposed 345-gram Northwest Africa 
7325 as a Mercurial meteor- 
ite. “No one has a rock like 
this,” he says. It’s a unique 


Mercurian? Although 

its composition resem- 

bles Mercury's, this 

meteorite may be too 
old to be from there. 


combination of elements, minerals, and iso- 
topes that in many ways matches the proper- 
ties of Mercury's surface as determined by 

the still-orbiting MESSENGER spacecraft. But 
“| was unimpressed,” says planetary scientist 
William Vaughan of Brown University. Some of 
the chemistry doesn’t match at all, he notes. 
What's more, the meteorite is much older than 
the relatively youthful lavas that cover most of 
Mercury's surface, where it presumably would 
have to have originated. Most discouraging, 
perhaps: “| don’t know how we'll get a conclu- 
sive result,” Irving says. -R.A.K. 
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Drawbacks to Natural Gas 


E. KINTISCH RECENTLY REPORTED ON THE EVOLUTION OF THE CLI- 
mate stabilization wedge concept (“Climate study highlights wedge 
issue,” News & Analysis, 11 January, p. 128), first conceptualized 
by Pacala and Socolow in 2004 (/). At the close of the News story, 
Socolow acknowledges the need for thoughtful assessment of the 
technological paths toward carbon neutrality, but not before he touts 
the recent expansion of natural gas as “a rare sign of progress.” 
Natural gas is increasingly held up as a clean-burning, domes- 
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tic “bridge fuel” paving the way toward energy independence. The 
problem with this assertion is that the recent proliferation of U.S. 
natural gas production is largely due to the expansion of hydrau- 
lic fracturing methodology to access shale gas (2). Once extracted, 
natural gas burns cleaner than coal or oil; however, the extraction- 
to-consumer carbon footprint of hydraulically fractured natural 
gas is greater than that of traditional energy sources (3). Moreover, 
hydraulic fracturing is increasingly linked with potentially irremedi- 
able freshwater contamination. In Pavillion, Wyoming, for instance, 
toxic or carcinogenic compounds added to fracking fluid have been 
found in drinking wells adjacent to drill pads (4). As we grapple with 
how to meet society’s energy demands while obtaining carbon neu- 
trality, we cannot pay for carbon offsets at the expense of other valu- 
able natural resources, such as fresh water. 

SARA SOUTHER 


Department of Botany, University of Wisconsin, Madison, Madison, WI 53706, USA. E-mail: 


Biosecurity’s Weakest Link 


THE ONGOING DEBATE REGARDING THE BIO- 
security concerns arising from functional 
gain research on human pathogenic viruses 
has brought into clearer focus the major gap 
between academic and public perceptions 
of acceptable risk (“New U.S. rules increase 
oversight of H5N1 studies, other risky 
science,” D. Malakoff and M. Enserink, News 
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& Analysis, 1 March, p. 1025). At the heart 
of the current controversy is anxiety over the 
safety of dual-use research and the risk that 
it will yield information or technologies with 
the potential to be misused to threaten pub- 
lic health or national security. These fears 
strongly shape the priorities of national bio- 
security policies across the whole spectrum 
of the life sciences (/). Yet the most likely 
threat posed by dual-use research is not from 
a rogue individual or organization but simple 
human fallibility (2). 

The increasing catalog of thefts, loss of 
samples, inadvertent infections, and unin- 
tentional releases of restricted pathogens 
demonstrates that the weakest link rests with 
those most directly involved with the research 
(3-5). Regardless of the effects that publish- 
ing sensitive research may have on our vul- 
nerability to bioterrorism (6), it may increase 
the likelihood of unintentional biosafety 
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breaches by encouraging further, legitimate, 
functional gain studies. 

Under new guidance (“A framework for 
decisions about research with HPAI H5N1 
viruses” A. P. Patterson et al., Policy Forum, 
1 March, p. 1036), research support will be 
tied to sufficient mitigation and management 
of both biosafety and biosecurity risks. The 
unfortunate reality is that scientists exhibit 
considerable overconfidence in assessing the 
risks posed by their work and underestimate 
the probability of human error by several 
orders of magnitude (7). In addition, insti- 
tutional oversight of dual-use research often 
fails to adhere to established guidelines (8). 
Despite good intentions, new guidelines are 
unlikely to make a major impact on the likeli- 
hood of human error. A more robust approach 
would be for scientists and funders to address 
the worst-case scenario and assess the ade- 
quacy of strategies in place to ensure an effec- 
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tive response to the various routes of poten- 
tial biosecurity breaches. A sensible first step: 
Ensure that gain-of-function research on 
pathogenic viruses with high human impact 
is undertaken under the highest biosafety 
levels, in relatively few laboratories, and 
away from major population centers or trans- 


port nodes. 
PHILIP E. HULME 


The Bio-Protection Research Centre, Lincoln University, 
Lincoln, 7647 Canterbury, New Zealand. E-mail: philip. 
hulme@lincoln.ac.nz 
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China's Nuclear Power 
Goals Surge Ahead 


AFTER THE CHERNOBYL NUCLEAR ACCIDENT, 
many countries reduced their dependence 
on nuclear energy (/). The Fukushima disas- 
ter dealt a further blow to the industry, con- 
vincing nations such as Germany, Belgium, 
Italy, and Switzerland to phase out nuclear 
power (/). In contrast, China has undergone 
the fastest development of nuclear energy in 
the world since the opening of its first nuclear 
power station in 1991, In 2000, China’s 
nuclear power capacity was 2.1 GW. China 
plans to have 40 GW in operation and 18 GW 
under construction by 2020 (2). 

After putting its nuclear power expansion 
plans on hold after the Fukushima nuclear 
disaster, China’s central government has once 
again begun to move forward by revising its 
energy and nuclear power plans last October 
(3). Under these new plans (3), the govern- 
ment will allow new nuclear plants in coastal 
areas only, issue more stringent construction 
permits for plants, and implement stricter 
nuclear safety measures, including the 
requirement that all new reactors comply with 
Generation III safety standards (4). China has 
recently approved new plants in Shidaowan 
with a total electricity-generating capacity of 
6600 MW: a prototype high-temperature gas- 
cooled reactor (200 MW), pressurized water 
reactors (1400 MW), and four AP1000 reac- 
tors (each producing 1250 MW). China plans 
to build commercial Generation IV nuclear 
power stations (fast reactors) by 2030 (5). 


Currently, 17 nuclear power units gen- 
erating 12 GW of electricity (accounting 
for 1.8% of China’s total production) are 
operating, and 29 units (with a total capac- 
ity of 30 GW) are under construction. 
The new and approved units will increase 
China’s nuclear capacity to at least 70 GW 
by 2020. This increase in nuclear power gen- 
eration would allow China to cut CO, emis- 
sions per unit of GDP in 2020 by 40 to 45% 
relative to the 2005 level (6). China’s nuclear 
power capacity is expected to be 200 GW by 
2030 and 400 GW by 2050, including many 
different manufactures and designs (7). A 
wide variety of nuclear power plant designs 
also poses many challenges associated with 
standardizing safety procedures to cope with 
seismic and tsunami events. 

As China begins to address many of the 
safety and economic challenges posed by 
nuclear power, we urge caution against over- 
dependence on this energy source. 

X. JIN YANG,** DONGHUI ZHANG,’ MI XU,” 
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CORRECTIONS AND CLARIFICATIONS 


News & Analysis: “Siberian meteor spurs dash for data, 
calls for safeguards” by R. Stone (8 March, p. 1135). The 
sentence “The Chelyabinsk meteor’s death throes emitted 
the most powerful infrasound waves ever recorded” should 
have specified “recorded by modern instruments.” 


Editors’ Choice: “Sound judgment” by G. J. Chin (15 Feb- 
ruary, p. 739). The image showed Immanuel Kant. The 
HTML version online has been corrected. 
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News Focus: “Europe's €2 billion bet on the future” by K. 
Kupferschmidt (4 January, p. 28). The article says that the 
gold rush began 30 years after Lewis and Clark's expedi- 
tion. The gold rush began 42 years later, in 1848. The HTML 
and PDF versions online have been corrected. 


Editors’ Choice: “Chick limb regeneration” by B. A. Purnell 
(7 December 2012, p. 1264). The image credit should be 
B. Ozpolat et al., Dev. Biol. 372, 229 (2012). The HTML and 
PDF versions online have been corrected. 


Perspectives: “Redder than red” by T. P. Sakmar (7 Decem- 
ber 2012, p. 1299). The numbers to the right of the image 
on page 1299 were cut off. The correct numbers, clockwise, 
should be 570 and 577. The image has been corrected in 
the HTML and PDF versions online. 


TECHNICAL COMMENT ABSTRACTS 


Comment on “Apatite ‘He/He and 
(U-Th)/He Evidence for an Ancient 
Grand Canyon” 


Ivo Lucchitta 

Flowers and Farley (Reports, 21 December 2012, p. 1616; 
published online 29 November 2012) use thermochro- 
nometry to propose that the western paleo—Grand Canyon 
was nearly as deep 70 million years ago (Ma) as today. 
However, lithologies, facies relations, geomorphology, 
and paleotopography of Miocene interior-basin deposits 
near the mouth of the Grand Canyon show that no paleo- 
canyon existed in that area during filling of the basin, 
~17 to ~5 Ma. 


Full text at http://dx.doi.org/10.1126/science.1234567 


Comment on “Apatite ‘He/*He and 
(U-Th)/He Evidence for an Ancient 
Grand Canyon” 


Karl E. Karlstrom, John Lee, Shari Kelley, 
Ryan Crow, Richard A. Young, Ivo Lucchitta, 
L. Sue Beard, Rebecca Dorsey, Jason W. 
Ricketts, William R. Dickinson, Laura Crossey 
Flowers and Farley (Reports, 21 December 2012, p. 
1616; published online 29 November 2012) pro- 
pose that the Grand Canyon is 70 million years old. 
Starkly contrasting models for the age of the Grand 
Canyon—70 versus 6 million years—can be recon- 
ciled by a shallow paleocanyon that was carved in the 
eastern Grand Canyon 25 to 15 million years ago (Ma), 
negating the proposed 70 Ma and 55 Ma paleocanyons. 
Cooling models and geologic data are most consistent 
with a 5 to 6 Ma age for western Grand Canyon and 
Marble Canyon. 

Full text at http://dx.doi.org/10.1126/science.1233982 


Response to Comments on “Apatite 
‘He/He and (U-Th)/He Evidence for 
an Ancient Grand Canyon” 


R. M. Flowers and K. A. Farley 

We reiterate that geological observations do not require 
Grand Canyon carving coeval with Colorado River inte- 
gration. (U-Th)/He data from the western canyon, total- 
ing 29 reproducible analyses from six samples and two 
labs, compellingly support an ancient canyon. Three 
dispersed analyses from one anomalous sample do not 
refute this conclusion, nor do the claimed shortcomings 
of our modeling have validity. 

Full text at http://dx.doi.org/10.1126/science.1234203 
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BIOGRAPHY 


Nature's True Self 


Jacobus J. Boomsma 


bout 50 years ago, William D. Ham- 

ilton completed the neo-Darwin- 

ian synthesis by extending Fisher’s 
fundamental theorem of natural selection to 
include social interactions (/). He showed 
mathematically that to be truly general, Dar- 
winian fitness had to be formulated in terms 
of gene copies rather than differential survival 
and progeny. Inclusive fitness (the number of 
gene copies in future generations passed on 
through both own offspring and the offspring 
of relatives) is what organisms are selected to 
maximize. In Nature's Oracle, Ullica Seger- 
strale offers an authoritative account that 
relates Hamilton’s life and work. 

Segerstrale (a sociologist at the Illinois 
Institute of Technology) takes us on a grand 
tour through the four decades of Hamilton’s 
scholarship. We become familiar with his 
inductive reverse engineering of some of 
nature’s most fundamental laws: a remarkable 
quest to unravel life’s coherence and its chal- 
lenges. Hamilton’s insights were fueled by a 
profound interest in natural history very simi- 
lar to Darwin’s; he grew up just a few miles 
away from Down House, where Darwin had 
settled a century earlier. Hamilton endowed 
abstractions of genes with their own agendas, 
making it explicit that their interests would 
often conflict with one another and with the 
bodies carrying them. This gene’s-eye per- 
spective changed evolutionary biology by 
turning some of its branches into hypothesi 
driven disciplines based on testable quantita- 
tive predictions of stable adaptive states. 

In a single decade, Hamilton not only 
formulated inclusive fitness theory but also 
made lasting contributions to other evolu- 
tionary topics that were begging for quanti- 
tative understanding. Whereas his theories of 
senescence and extraordinary sex ratios were 
closely intertwined with the gene’s-eye per- 
spective, he also derived a universal geome- 
try for group-living animals chased by preda- 
tors, demonstrating that herds are ultimately 
driven by selfish interests. With others, he 
later developed deep insights into the evolu- 
tionary stability of dispersal, decision rules 
for cooperation among nonrelatives, and the 
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perpetual pressure of pathogens as drivers for 
maintaining sex and sexually selected orna- 
ments. And he produced a selfish-herd theory 
for trees beleaguered by sap- 
sucking insects, which offered 
honest signaling of resistance 
as the ultimate explanation 
for autumn colors. 
Segerstrale captures the 
essence of Hamilton’s science 
and personality remarkably 
well. She skillfully unrav- 
els the intricate connections 
between his brilliant intel- 
lect, fearless engagement, skepticism toward 
established authority, fondness for Neotrop- 
ical wasps, and uneasiness with social situ- 
ations. I was somewhat disappointed by the 
rather sparse photographic material and in 
the choice of large Morpho butterflies for the 
dust jacket—rather than the giant blue carrion 
beetles with whom Hamilton had planned to 
team up for his ultimate graduation (2). 
The book’s title is intriguing. It seems to 
emphasize prophetic mission rather than sci- 
entific achievement, but the reason for choos- 
ing “oracle” emerges as we read along. In 
many chapters we find reminders that Ham- 
ilton combined a romantic interest in poetry 
and history witha rather bleak appreciation of 
human nature and the long-term perspectives 
of civilization. He increasingly felt the urge to 
share his inconvenient truth that our genomes 
would be no match for rapidly evolving dis- 
eases unless we continued to increase our 
dependence on the permanent surveillance of 
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a global health system—which he envisaged 
would be prone to episodes of disastrous fail- 
ure and would erode our self-sustained indi- 
viduality. These convictions were driven by 
what he considered the true self of nature 
that few are willing to face, possibly because 
we discount unimaginable futures even more 
readily than those we think we can predict. 
Although his later derivation showed 
that inclusive fitness is fully equivalent with 
selection operating simulta- 
neously at different levels (3), 
Hamilton continued to equate 
group selection logic in the 
human domain with totali- 
tarian forces that would ulti- 
mately turn people into sub- 
dued citizens of a Huxleyan 
World State. With tribal nepo- 
tism and group-selected xeno- 
phobia as equally depressive 
smaller-scale alternatives, he inferred that 
humanity’s future would require careful man- 
agement of our rare cooperative tendencies 
rather than trust in a primate heritage that 
seems hardly benign. Had he lived until now, 
I think he would have appreciated modern 
versions of the same idea, emphasizing that 
large-scale cooperation relies on institution- 
building rather than human nature (4). 
Controversies abounded throughout Ham- 
ilton’s career, most of them boiling down to 
being given a hard time by journal editors, 
reviewers of his manuscripts, and peers dis- 
crediting the novelty or general importance 
of his insights. Similar attitudes can still be 
found, but they receive little credit in the book. 
Few would argue that we can dismiss modern 
particle physics or big-bang theory because 
that would obviously reverse our state of civi- 
lization. Segerstrale makes a strong case for 
the Hamiltonian version of Darwinism being 
of the same caliber. Not because we neces- 
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sarily like it, but because it appears to be the 
only way to make rational sense of nature’s 
true self. To ultimately weave nature’s grand 
tapestry in humanistic colors, the gene had to 
be conceptually disconnected from the indi- 
vidual, and that is what Hamilton achieved. 
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PHILOSOPHY OF SCIENCE 


Pluralistic Paradigms 


Erika Lorraine Milam 


ized the scientific study of human behav- 

ior for decades, even centuries. For some 
scientists and philosophers, like the late 
Thomas Kuhn, this inability to agree signaled 
the immaturity of the field. Preparadigm sci- 
ence, Kuhn held, “is regularly marked by fre- 
quent and deep debates over legitimate meth- 
ods, problems, and standards of solution, 
though these serve rather to define schools 
than to produce agreement” (/). By way of 
contrast, Kuhn posited that mature science 
(characterized by normal, puzzle-solving 
activities) consisted of communities of sci- 
entists who worked unproblematically within 
a single research paradigm. Yet, as Helen E. 
Longino cogently argues in Studying Human 
Behavior, we would be foolish to assume 
such differences will vanish anytime soon. 
By rejecting Kuhnian expectations that one 
paradigm in the human behavioral sciences 
could ever come to dominate all research, 
Longino hopes to reconcile scientists, philos- 
ophers, and the popular press to the continued 
plurality of research programs in the study of 
human behavior as constituting a normal, and 
successful, scientific practice. 

Longino (a philosopher of science at Stan- 
ford University) lucidly dissects five areas 
of active empirical research on the causes 
of human behavior: quantitative behavioral 
genetics, social-environmental approaches, 
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molecular behavioral genetics, neurobio- 
logical approaches, and more integrative 
approaches (for example, developmental 
systems theory and multifactorial path analy- 
sis). As a group, scientists in these areas con- 
centrate on the proximate causes of behav- 
ior rather than evolutionary or functional 
explanations [as Ernst Mayr would have put 
it (2)]. And they seek to understand the bio- 
logical structure constraining the expression 
of behavior rather than exploring the immedi- 
ate physiological “triggers” of an instance of 
a behavior. Longino’s choice of research pro- 
grams is doubly important: given these sim- 
ilarities, one could reasonably expect scien- 
tific agreement, and her researchers, from the 
outset, are invested in describing the genetic 
and developmental causes of behavior as it is 
expressed in the lifetime of individuals. 
These differences in research ques- 
tions correlate with similar disagreements 
over how to define or mea- 
sure behavior. Take the two 
families of behavior on 
which Longino focuses. She 
notes that only some kinds 
of aggression are studied 
and that researchers vary 
widely in how they measure 
aggressive behavior, includ- 
ing through rates of “violent 
crime,” frequencies of “fight- 
ing” or “hitting a doll,” or even scores on 
psychological tests. When considering sex- 
ual orientation, behavioral researchers often 
follow Alfred Kinsey in defining homosexu- 
ality as a function of the frequency of sex- 
ual encounters with members of the same 
sex (3). But they vary in whether they con- 
sider homosexuals part of a sexual binary 
(as paired against heterosexuals) or existing 
on a sliding scale of sexual desire. Longino 
acknowledges that these definitions are set 
by social criteria. Scientists may only con- 
sider those aggressive acts that are reported 
to the police (surely a subset of the behav- 
ior, however defined). Kinsey’s sexuality 
scale emerged within a specific sociocul- 
tural context and may not be useful in defin- 
ing homosexuality in other cultures (glob- 
ally or temporally). In both instances, there 
is no unitary phenomenon under investi- 
gation. Thus, despite appearing to ask the 
same question, “what causes human behav- 
ior?” even the five ontological approaches 
Longino explores are irreconcilable because 
they operate in differentiated causal spaces. 
Discussions of human behavior in the 
media tend to pit one of these “explanations” 
against another and ask which better accounts 
for our foibles and actions. Longino argues 
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that by relying too heavily on the nature- 
nurture debate and framing the conversa- 
tion about human behavior in terms of com- 
peting research programs, the popular press 
has “fuel[ed] anticipation of intervention at 
the level of the individual’”—providing (on 
aggression) superficial scientific support for 
the American incarceration culture and (on 
sexual orientation) contributing to a chang- 
ing conversation about homosexuality as a 
civil rights issue. The political implications of 
research on human behavior are never clear- 
cut because they rely on a conflation of an 
individual’s behavior with her or his identity. 

One possible escape from this dilemma, 
Longino posits, may be to think of behavior 
as social. After all, most aggressive or sexual 
acts involve more than one person and take 
place in a specific cultural context. This is 
the one place I feel her careful analysis falls 
short. After she meticulously examines how 
scientists’ choice of ontologi- 
cal subjects affects their anal- 
yses, she is less attentive to 
the consequences of her own 
choices. If she had selected 
a wider swath of behav- 
ioral research from the out- 
set (including, for example, 
ethological perspectives), 
Longino may have seen less 
of an individualist bias in 
both the professional and popular literature 
(of course, such a choice would have made 
her project far less manageable). But this is a 
minor quibble with a fascinating book. 

As aresult of her commitment to method- 
ological pluralism, Longino refuses to advo- 
cate for one research strategy over another. 
For human behavior, the obvious poles of 
the debate are defined by nature and nur- 
ture. But, she notes, all sides of the nature- 
nurture debate already agree that both genetic 
and environmental factors are important. So 
the far more interesting question is “how 
should scientific research on human behav- 
ior inform discussions of social policy?” 
In Studying Human Behavior, Longino has 
clearly articulated the methodological plu- 
rality of research on human behavior. She 
leaves to scientists and science writers the 
responsibility of shedding the last vestiges 
of their Kuhnian expectations. 
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AGRICULTURE 


Right-Sizing Stem-Rust Research 


P. G. Pardey,'2*4* J. M. Beddow,'”* D. J. Kriticos,'** T. M. Hurley,'2* R. F. Park,° E. Duveiller,” 


R. W. Sutherst, J. J. Burdon,? D. Hodson’ 


tem rust caused by Puccinia graminis 

f. sp. tritici is a potentially devastat- 

ing fungal disease that can kill wheat 
plants and small grain cereals but more typi- 
cally reduces foliage, root growth, and grain 
yields [e.g., (J, 2)]. After years of success in 
keeping the disease at bay, new virulent races 
(collectively referred to as “Ug99”) have 
emerged, with the potential to infect much of 
the world’s wheat (3). Despite, or because of, 
the success of past research, these programs 
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saw an eventual rundown in support (4). We 
estimate global wheat losses over the past 50 
years absent investments in research to limit 
impacts of stem rust and discuss how this 
can inform decisions about “right-sizing” 
research investments. 

Potential annual stem-rust losses have 
been previously estimated by extrapolating 
reported losses from limited time periods 
and locations to broader spatial and temporal 
scales: $1.4 billion for developing countries 
(5); up to $3 billion for North Africa, the Mid- 
dle East, and South Asia (6); and from $7.6 
to $53.7 billion globally [derived from (7), 
see (8) and supplementary material (SM)]. 
However, global estimates derived from such 
“point-based” methods are misconceived and 
overstated, failing to account for the intrin- 
sic variability of disease-induced crop losses 
over space and time. 

From 1918 to 1960, U.S. wheat losses 
averaged 2.5% per year; losses dropped to 
less than an eighth of that rate (0.3% per 
year) thereafter (fig. S1). This reduction in 
U.S. wheat losses reflects the success of rust 
pathologists and wheat breeders in develop- 
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Is increased support needed for wheat disease 
research to avert crop losses from current and 
future strains? 


ing a series of stem rust—resistant wheat vari- 
eties (3). The more muted stem rust—induced 
crop losses experienced in the United States 
during the past half-century were mirrored 
throughout most of the developed world. 
However, the more limited, and often slower, 
introduction of improved wheat variet- 
ies in many developing countries (9) likely 
exposed them to more frequent and larger 
wheat yield losses. 


Probabilistic Stem Rust—Risk Assessment 

We used stem-rust occurrence and long-term 
yield-loss data in conjunction with probabi- 
listic methods to simulate global losses attrib- 
utable to stem rust (8). The objective was to 
estimate global wheat losses in a counter- 
factual 1961-2009 world, where the proba- 
bilistic structure of losses was similar to that 
observed for the United States between 1918 
and 1960, when U.S. farmers planted rust- 
susceptible wheat varieties. Extension of 
1918-1960 characteristics to a 1961-2009 
counterfactual period suggests what might 
have happened in the absence of research 
investments. These are indicative of what 


Modeled global climate vunerability for stem rust. Areas suitable for stem-rust infection 


are shown in blue, and the subset of those areas in which stem rust can establish and persist 
(that is, overwinter and oversummer) are shown in red. See (8) and SM for data and methods. 
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might occur should Ug99, or other virulent 
races, spread throughout the world and sug- 
gestive of the value of research investments 
(and crop management practices) in counter- 
ing such threats. 

We developed an ecological-niche model 
(10, 11) of stem rust and estimated that 
66% (1.4 million km’) of the world’s wheat 
area was climatically suitable for develop- 
ment of the disease (see the map). The pres- 
ent assessment considers differences in the 
probability distribution of yield losses under 
two scenarios: (i) one representing con- 
temporary losses in largely resistant wheat 
(1961-2009 in the United States) and (ii) 
another characterizing the loss distribution 
that occurred historically with less resistant 
varieties deployed in the field (U.S. losses 
during 1918-1960). We identified 15 epide- 
miologically and statistically independent 
regions (2, 8) and used U.S. loss data (ii) to 
simulate a probabilistic pattern of propor- 
tional losses over each region. The pattern 
of climate suitability for stem rust across the 
epidemiological zones (8) suggests that we 
may be underestimating losses for areas out- 
side the temperate wheat-growing regions 
of the northern hemisphere, where a small 
share of the world’s wheat is grown. 

The expected average total global losses 
in this 1961-2009 counterfactual world with- 
out durable stem-rust resistance is 306 mil- 
lion metric tons (MT) from a total production 
of 23 billion MT (i.e., a loss of U.S. $54.7 bil- 
lion when valued at 2010 average U.S. wheat 
prices) with a 90% chance (the 10th percen- 
tile) of losing at least 275 MT (or U.S. $49.3 
billion) (see the table). This expected 306 MT 
total loss equates to average annual losses for 
the counterfactual period of 6.2 MT (or U.S. 
$1.12 billion per year) from annual average 
production of 470 MT. This annual loss is 
substantially less than the 104 MT calculated 
for a hypothetical single-year global pan- 


re} 


L WHEAT LOSS ESTIMATES 
JTED TO STEM RUST, 1961-2 


C 
ATTR 109 


Probability Total period loss Implied average 


of loss (1961-2009) annual losses 
Percentage Million metric tons 
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Single-year pandemic: 104 


Distribution of wheat losses and corresponding 
average annual loss absent investment in stem- 
rust research. Single-year pandemic represents sin- 
gle-year loss if the historically highest 1935 U.S. loss 
is applied to all stem rust-susceptible production sys- 
tems worldwide. See (8) and SM. 
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demic but still sizable for the effects of just 
one disease on a staple food crop. Eliminat- 
ing such an annual loss would save enough 
wheat to almost satisfy the entire annual calo- 
rie deficit of sub-Saharan A frica’s undernour- 
ished population (3). 


Spending on Stem-Rust Research 

In 2008, the Bill and Melinda Gates Foun- 
dation (BMGF) launched the Durable Rust 
Resistance in Wheat global partnership, with 
a 3-year commitment totaling $26.8 million. 
This was extended for 5 years in 2011 with an 
additional $40 million from BMGF and the 
UK Department for International Develop- 
ment. These funds complement long-stand- 
ing, but of late generally more limited, invest- 
ments in stem-rust research conducted by 
public agencies the world over (/2). 

An economic approach to determining 
whether this is too much or too little invest- 
ment is to compare the worldwide costs of 
research to develop rust-resistant varieties 
(plus the costs of other rust-mitigating efforts 
like fungicide use) against the global bene- 
fits of averting yield losses from stem rust by 
the development and deployment of resistant 
varieties or other means. This economic bal- 
ance can best be struck by reference to the 
modified internal rate of return (MIRR): the 
rate that equates the expected present value of 
a stream of research benefits with the present 
value of the cost of the research given rein- 
vestment and finance rates for benefits and 
costs (/3). 

Taking the estimated stream of counter- 
factual global losses attributed to stem rust 
since 1961 as an indication of potential ben- 
efits from successful wheat stem rust—resis- 
tance research over this period, we estimate 
that a sustained investment of $51.1 million 
per year (2010 prices) in stem-rust research 
could be justified economically (8). With 
such a sustained investment, there is a 95% 
chance that the MIRR would exceed 10% per 
year, conditional on the success of the funded 
research. Looking forward, and assuming 
a nondecreasing total value of world wheat 
production, it seems prudent to invest at least 
this much annually (in inflation-adjusted 
terms) in stem-rust research. This amount is 
in addition to other investments that would 
be necessary to increase wheat yields gen- 
erally, as well as to ameliorate the effects of 
other wheat pests and diseases. A $51.1 mil- 
lion annual R&D expenditure is equivalent to 
investing $0.23 per hectare of wheat pests and 
in 2009; by comparison, U.S. wheat farmers 
spent $34.56 per hectare on seed in 2009 (/4). 

Our estimates of expected global losses 
attributable to stem rust are more modest 


than those of other studies (5—7), but there is 
still a substantial funding shortfall. Averaging 
recent decades, global funding for research 
to maintain stem-rust resistance in wheat has 
been less than half the amount that appears 
necessary (/5). We question the wisdom of 
cutting back on wheat-rust research as the 
U.S. Department of Agriculture has done 
recently, in line with similar trends over past 
decades in other countries (4, /6). 

Maintaining yield growth rates neces- 
sary to meet anticipated future demands will 
require a sustained effort to develop wheat 
varieties that are resistant to contemporary 
races of rust. This requires an investment 
strategy that supports sustained research pro- 
grams geared to identifying and addressing 
ever-evolving stem-rust threats. The need 
for sustained investment also applies to other 
crop and pest systems subject to coevolution- 
ary pressure. Our methods can help right-size 
research investment streams needed to sus- 
tain or improve global food security. 


References and Notes 

1. G.Agrios, Plant Pathology (Elsevier Academic Press, 
Boston, ed. 5, 2005). 

2. E.E. Saari, J. M. Prescott, in The Cereal Rusts, A. P. Roelfs, 
W. R. Bushnell, Eds. (Academic Press, Orlando, FL, 1985), 
vol, 2, chap. 9. 

3. R.P. Singh et al., Annu, Rev. Phytopathol. 49, 465 (2011). 

. R.P. Singh et al., Adv. Agron. 98, 271 (2008). 

5. H.J. Dubin, ]. P. Brennan, Combating stem and leaf rust 
of wheat: historical perspective, impacts, and lessons 
learned. (discussion paper 00910, International Food 
Policy Research Institute, Washington, DC, 2009). 

6. Durable rust resistance in wheat, Borlaug Global Rust 
Initiative (2012); wheatrust.cornell.edu/about/backgroun- 
dandrationale.cfm. 

7. M.C. Fisher et al., Nature 484, 186 (2012). 

8. J. M. Beddow et al., Measuring the worldwide spatial 
occurrence and probabilistic consequences of stem rust 
(HarvestChoice, Saint Paul, MN, 2012); http://croppest.org/ 
purl/20131. 

9. R.E. Evenson, D. Gollin, Science 300, 758 (2003). 

10. R.W. Sutherst et al., CLIMEX Version 3 User's Guide 
(Hearne Scientific Software, Melbourne, 2007) 

11. J. M. Beddow et al., Potential global crop pest distributions 
using CLIMEX: HarvestChoice applications (HarvestChoice, 
Saint Paul, MN, 2010). 

12. Key among these agencies are CIMMYT, ICARDA, the 
USDA's Cereal Disease Laboratory, the University of Minne- 
sota’s Stakman-Borlaug Cereal Rust Center, the University 
of Sydney’s Plant Breeding Institute and CSIRO. 

13. X. Rao, T. M. Hurley, P. G. Pardey, Recalibrating the 
reported rates of return to food and agriculture R&D (Uni- 
versity of Minnesota, Department of Applied Economics, 
Saint Paul, MN, 2012); http://purl.umn.edu/135018. 

14. Economic Research Service, USDA, Commodity costs and 
returns; www.ers.usda.gov. 

15. See SM for estimation details of comparative wheat 
pathology R&D spending. 

16. National Association of Wheat Growers, Western Farm 
Press, 20 March 2012; http://westernfarmpress.com/ 
government/agricultural-research-hit-hard-usda-labs- 
close. 


> 


Acknowledgments: The authors thank M. Carson, R. Singh, 
B. Steffenson, and Y. Chai. 


Supplementary Materials 
www.sciencemag.org/cgi/content/ful/340/6129/147/DC1 


10.1126/science.1229707 


12 APRIL 2013. VOL340 SCIENCE www.sciencemag.org 


ENVIRONMENT 


Latin America’s Nitrogen Challenge 
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atin America (LA) has many social 

indicators similar to those of highly 

developed economies but most fre- 
quently falls midway between least devel- 
oped countries and industrialized regions. To 
move forward, LA must address uncontrolled 
urbanization, agricultural production, social 
inequity, and destruction of natural resources. 
We discuss these interrelated challenges in 
terms of human impact on the nitrogen (N) 
cycle. Human activity has caused unprece- 
dented changes to the global N cycle; in the 
past century; total global fixation of reactive N 
(Nr) has at least doubled (/). Excess Nr leaked 
into the environment negatively affects soils, 
atmosphere, and water resources in temperate 
zones (/). In addition to N excess from human 
impact, mining of natural soil N creates N def- 
icits in some regions (2, 3). 

Agriculture resurged in LA with marked 
growth in soybean cultivation in the 1990s 
(3) and recent expansion of the biofuel mar- 
ket (4). Soybean cultivation in LA is 40% 
of global production, larger than any other 
world region (3). Because of the natural fer- 
tility of soil in Argentina’s Pampa region, 
N fixation is not strongly stimulated; thus, 
N exported in soybeans is mostly from soil 
N, rather than fixation, causing a net loss of 
N (3, 5). In Brazil converting pristine eco- 
systems with high natural N fixation rates 
to fields can lead to negative N balance (6). 
In contrast, soybean crops that replace other 
cropping or grazing ecosystems, N in areas 
of low soil N and heavy application of phos- 
phorus (P) fertilizer (7). 

Biomass burning to clear land for agricul- 
ture has been estimated at > 150,000 km? annu- 
ally in LA (8). This transfers a large amount of 
Nr from the land to the atmosphere, which is 
then redistributed regionally (9). In addition to 
direct health effects of biomass burning (/0), 
part of the Nr returns from the atmosphere to 
aquatic and terrestrial ecosystems via wet and 
dry deposition. Total N deposition in major 
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agricultural areas and urban zones in LA is on 
par with developed countries. By 2050, four 
of the eight LA biodiversity hotspots are pro- 
jected to have potentially harmful levels of N 
deposition (//). 

Because of lack of basic infrastructure, 
especially in low-income areas of mega- 
cities, most domestic sewage is released 
into water bodies without treatment, caus- 
ing N and P enrichment (/2), affecting tro- 
phic interactions (/3), and increasing public 
health risks (/4). Exacerbating the problem 
is rural-urban migration, a result of margin- 
alization and extreme poverty faced by many 
small farmers. 

Ecosystem and human health in LA 
depends on managing human impact on the 
N cycle. Antiquated political institutions 
inherited from European colonization con- 
centrate political and economic power in a 
small fraction of the population. These must 
be replaced by inclusive political, economic, 
and academic institutions that enforce prop- 
erty rights, maintain a strong and indepen- 
dent judicial system, combat corruption, and 
encourage new technologies and skills (/5). 

Destruction of some of the world’s larg- 
est intact areas of highly diverse tropical eco- 
systems must halt (/6). It has been argued 
that sufficient land has been cleared for sus- 
tainable production of goods and services, 
but that most of the land is inefficiently 
used, especially in the livestock sector (/7). 
Although deforestation in the Amazon basin 
has declined (/6), recent environmental leg- 
islation may allow a resurgence of land-clear- 
ing (/8). Increased efficiency of land already 
under cultivation should be a priority, without 
increasing inputs of N fertilization (/9). Com- 
mitments from local governments and agri- 
culture sectors, especially beef and soybean, 
are critical, acting in concert across LA. Inter- 
national mechanisms like REDD (Reduc- 
ing Emissions from Deforestation and For- 
est Degradation) and financial support from 
developed nations would increase the likeli- 
hood of success (/6). 

Public agriculture policies must include 
small farmers and less-favored groups (20). 
Secure land rights are crucial (2/), with poten- 
tial to decrease land violence that constrains 
rural development (22). Agricultural practices 
must increase functional diversity, mimicking 
natural ecosystems. Techniques include no- 
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Human impacts on the N cycle require 
sustainable ecological solutions to preserve 
ecosystem and human health. 


till agriculture, cover crops, crop rotation, and 
enhancement of natural N fixation (23). Inten- 
sification must only be encouraged under sus- 
tainable practices, where agroecosystems and 
neighboring landscapes provide key ecosys- 
tem services (24). 

Basic science must address LA’s ecologi- 
cal and social systems and their interactions. 
For example, long-term consequences of 
widespread practices of no-till agriculture and 
intense cultivation of a single species are not 
well understood (3, 5). We must improve our 
understanding of the terrestrial-aquatic inter- 
face, particularly in tropical zones, because 
models estimate that N discharge from 
untreated sewage will at least double in devel- 
oping countries between 2000 and 2050 (25). 

International policies related to N manage- 
ment and pollution across LA, similar to those 
in parts of Europe (e.g., the Nitrates Directive) 
and North America, could increase regional 
political consensus, a necessity considering 
the transboundary effects of N atmospheric 
deposition and water pollution. 
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Self-Medication in Animals 


Jacobus C. de Roode,'’* Thierry Lefévre,? Mark D. Hunter® 


he concept of antiparasite self-med- 
| ication in animals typically evokes 
images of chimpanzees seeking out 
medicinal herbs to treat their diseases (/, 
2). These images stem partly from the belief 
that animals can medicate themselves only 
when they have high cognitive abilities that 
allow them to observe, learn, and make con- 
scious decisions (3). However, any concept 
of self-medication based solely on learning 
is inadequate. Many animals can use med- 
ication through innate rather than learned 
responses. The growing list of animal phar- 
macists includes moths (4), ants (5), and 
fruit flies (6). The fact that these animals 
self-medicate has profound implications for 
the ecology and evolution of animal hosts 
and their parasites. 

Janzen (2) was the first to describe cases 
in which diseased vertebrates appeared to 
select secondary plant compounds with anti- 
parasitic activity. Consequently, self-medi- 
cation has often been defined as the antipar- 
asitic use of secondary plant chemicals or 
other non-nutritive substances by herbivores 
(7). However, boundaries between nutrients, 
medicines, and toxins are permeable and are 
often defined only by the ingested dose of 
a chemical (7). Thus, whereas traditional 
examples of animal medication involve ani- 
mals eating specific plants only when dis- 
eased (/), recent examples include animals 
increasing the ingestion of particular chemi- 
cals that are already in their diets (4). 

Animals may use chemicals to relieve 
symptoms that are not caused by parasitic 
diseases, but we restrict our discussion to 
self-medication as a defense against para- 
sites. Such defenses can come in two gen- 
eral forms (see the figure). In therapeutic 
medication, diseased individuals alter their 
behavior to medicate in response to para- 
site infection (4). In contrast, prophylaxis is 
used by infected and uninfected individuals 
alike to prevent parasite infection, often in 
response to high parasite risk (5). 
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Therapeutic and prophylactic medica- 
tion can be further divided depending on 
the target of medication (see the figure). 
Much work has focused on cases in which 
animals medicate themselves, including 
baboons and woolly bear caterpillars (/, 
4, 6), but animals may medicate their off- 
spring or other genetic kin instead. Fruit 
flies have been shown to preferentially lay 


Animal self-medication against parasites is 
more widespread than previously thought, with 
profound implications for host-parasite biology. 


their eggs in high-ethanol food when they 
detect the presence of parasitoid wasps (8); 
this reduces infection risk in their offspring 
(transgenerational prophylaxis). Wood ants 
incorporate antimicrobial resin from coni- 
fer trees into their nests, preventing micro- 
bial growth in the colony (5) (social prophy- 
laxis). Parasite-infected monarch butterflies 
can protect their offspring against high lev- 
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els of parasite growth and virulence by lay- 
ing their eggs on antiparasitic milkweed (9) 
(transgenerational therapeutic medication). 
These studies show that we should deem- 
phasize the “self” in self-medication and 
base medication studies on an inclusive fit- 
ness framework. 

There are many examples in which a 
behavior is strongly implicated as medica- 
tion, but in which a fitness advantage for 
the actor remains to be demonstrated. Pri- 
mates commonly ingest plant materials 
with antiparasitic properties but with little 
or no nutritional value. For example, they 
chew the bitter pith of Vernonia amygda- 
lina and swallow rough plant leaves whole 
(/). Chewing bitter pith may release anti- 
parasitic compounds, whereas swallowing 
rough leaves whole is apparently a means of 
physically expelling intestinal parasites (/). 
However, it remains to be shown whether 
parasite infection triggers the behavior and 
whether the behavior increases host fitness. 
Similarly, a recent study has suggested that 
house sparrows and finches add high-nico- 
tine cigarette butts to their nests to reduce 
mite infestations (/0), but it is unclear 
whether the birds gain higher fitness from 
the behavior. 

To conclude definitively that a behavior 
is an adaptive form of therapeutic medica- 
tion, several conditions must be met. First, 
the behavior involves the ingestion or exter- 
nal application of a third species or chemi- 
cal compound. Second, the behavior must be 
initiated by parasite infection. This sounds 
easier to establish than it is. For example, 
it is hard to determine whether a behavior 
seen in a particular animal in a field study 
is a result of parasite infection or whether 
something else caused that individual both 
to be infected and to display the behavior. 
Manipulative experiments, in which some 
individuals are infected and others are left 
as uninfected controls, are the best way to 
evaluate this condition. Third, the behavior 
increases the fitness of the infected indi- 
vidual or its genetic kin. Fourth, the behav- 
ior is costly to uninfected individuals; if it 
were not, all individuals would display it 
(4). Fifth, the behavior is relevant in the nat- 
ural environment of the host; showing the 
existence of medication with artificial diets 
alone does not demonstrate its relevance 
in nature. 

The conditions are similar for prophy- 
laxis, except that prophylaxis is displayed in 
response to parasite risk rather than infec- 
tion. It may also be difficult to demonstrate 
costs if prophylaxis has evolved into a fixed 
phenotype over time. 
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We have omitted an oft-cited condition 
for self-medication: that the behavior must 
reduce parasite infection or fitness (0). The 
reason for our omission is that medication 
behavior may enhance host fitness by increas- 
ing tolerance of infection (allowing the host 
to maintain fitness despite being infected) 
without reducing parasite fitness (//). 

Many published cases do not yet satisfy 
all these conditions, but animal medication 
is clearly much more widespread than origi- 
nally thought. It is therefore important to 
understand how animal medication affects the 
ecology and evolution of host-parasite inter- 
actions. We argue that there are at least four 
major consequences of animal medication. 

First, when animal medication reduces 
parasite fitness, we expect to observe effects 
on parasite transmission or virulence. Nei- 
ther consequence has received much atten- 
tion yet, but two studies indicate that medi- 
cation can indeed influence the interactions 
between hosts and their parasites. For exam- 
ple, when gypsy moth caterpillars consume 
foliage high in phenolics, it reduces trans- 
mission of a polyhedrosis virus and facili- 
tates moth outbreaks (/2). There is also pre- 
liminary evidence that medication affects 
virulence evolution: increasing parasite vir- 
ulence is predicted from models of medica- 
tion behavior by monarch butterflies using 
toxic milkweed (/3). 

Second, animal medication should 
affect the evolution of animal immune sys- 
tems. Immune responses are costly, sug- 
gesting that animals should not use or 
evolve immunity when they do not need it. 
Animal medication provides an alternative 
to cellular and humoral immune responses 
and may thus result in a reduction or loss 
of such immune responses. This hypothesis 
has not yet been tested formally, but there 
is suggestive evidence. Perhaps most strik- 
ingly, honeybees use a series of behavioral 
immune mechanisms, including the incor- 
poration of antimicrobial resin into their 
nests (/4). Analysis of their genome sug- 
gests that honeybees lack many of the cel- 
lular and humoral immune genes of other 
insects, raising the possibility that their use 
of medicine has been partly responsible— 
or has compensated—for a loss of other 
immune mechanisms (/4). 

Third, host-parasite interactions are often 
used to explore patterns of local adaptation, 
yet surprisingly few studies provide evi- 
dence for adaptation of parasites to their 
local hosts or vice versa (/5). Most of these 
studies are based on experiments in which 
hosts and parasites from multiple popula- 
tions are exposed to each other in sympatric 
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and allopatric combinations. By not allow- 
ing hosts to behave naturally, such studies 
preclude animals from medicating them- 
selves or their kin. Thus, if animals have 
locally adapted to their parasites through 
medication behaviors, studies must be 
designed such that animals can display their 
naturally evolved behaviors. It is our expec- 
tation that when this is done, more studies 
will find that hosts have locally adapted their 
behavior to their parasites. 

Finally, the study of animal medication 
will have direct relevance for human food 
production and health. Disease problems 
in agricultural organisms can worsen when 
humans interfere with the ability of ani- 
mals to medicate. For example, increases 
in parasitism and disease in honeybees can 
be linked to selection by beekeepers for 
reduced resin deposition by their bees (/4). 
A re-introduction of such behavior in man- 
aged bees would likely have great benefits 
for disease management. In addition, as 
self-medicating animals, humans still derive 
many of their medicines from natural prod- 
ucts, and plants remain the most promising 
source of future drugs. Studies of animal 
medication may lead the way in discovering 
new drugs to relieve human suffering. 
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Pactamycin Made Easy 


Julian A. Codelli and Sarah E. Reisman 


atural products—small 
molecules isolated from 
plants, fungi, bacteria, and 


other microorganisms—continue 
to serve as an important source 
of chemical tools for the study of 
biological systems and disease 
pathology, as well as new drugs. 
One example is the natural product 
pactamycin, which has been instru- 
mental in the investigation of ribo- 
some structure and function (/, 2). 
However, the structural complexity 
of this small molecule has histori- 
cally rendered it—and by exten- 
sion its unnatural analogs—syn- 
thetically inaccessible, hindering 
efforts at the development of pacta- 
mycin-derived therapeutics. On 
page 180 of this issue, Malinowski 
et al. (3) report a total chemical 
synthesis of pactamycin that ele- 
gantly addresses this challenge and 
opens a new chapter in the story of 
this natural product. 

Isolated from Streptomyces pac- 
tum in 1961 (4), pactamycin has 
attracted the attention of both chem- 
ists and biologists for decades. 
Although originally categorized 
as an inhibitor of ribosomal initia- 
tion, recent structural and biochem- 


A concise chemical synthesis of pactamycin, a 
natural product that targets the ribosome, may 


allow the development of less toxic derivatives. 
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Pactamycin in 15 steps. (A) Malinowski et al. used a synthetic strategy to 
prepare pactamycin that relied on a hidden symmetry element in the natu- 
ral product, depicted in blue (the open arrow denotes a planning step to 
identify possible reactants); Me, methyl. (B) In the key reaction sequence, a 
chiral catalyst assembles all of the carbons in the pactamycin framework. A 


ing materials (8, 9). Nonetheless, 
a systematic study of the correla- 
tion between molecular structure 
and biological function demands 
a more concise and modular 
synthesis. 

In general terms, a practical 
chemical synthesis of a molecule 
should proceed in as few synthetic 
steps as possible, and when feasi- 
ble, incorporate functional groups 
in their native form to minimize 
unnecessary oxidation, reduction, 
and protecting-group reactions. In 
the case of pactamycin, the five- 
membered ring at the core of the 
molecule, which is decorated at 
each carbon with a nitrogen or oxy- 
gen atom, poses a particular chal- 
lenge to practicality. This compact 
system must be constructed not 
only with the correct connectivity, 
but also the correct stereochemis- 
try (or three-dimensional orienta- 
tion) between the atoms. The spa- 
tial relationships of the various 
appendages protruding from the 
ring are crucial to the molecular 
recognition events that constitute 
binding to a biological target. 

One way to reduce the com- 
plexity of a synthetic problem is to 


152 


ical investigations have shown that 
it inhibits translocation, preventing 
the target ribosomal unit from continuing to 
move along the mRNA strand to which it is 
bound, and thus disrupting protein synthe- 
sis (/, 2). Unfortunately, pactamycin exhib- 
its this activity against ribosomes across all 
phylogenetic domains: bacteria, archaea, and 
eukaryotes. Indeed, the toxicity of pactamy- 
cin in mammalian cells has largely precluded 
its use as a therapeutic agent in humans. 
Recently, several independent studies 
have revealed that subtle changes to the 
pactamycin structure (see the figure, panel 
A) can greatly alter the molecule’s biological 
activity (5—7). Culture extracts from a vari- 
ety of Streptomyces species, including both 
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desymmetrization step then sets the stereochemistry; Ph, phenyl. 


wild-type and mutant strains, have given 
researchers access to a small collection of 
analogs possessing truncated or deoxygen- 
ated appendages of the seventh carbon atom 
(C7), some of which also lack the salicylate 
group. Some of these derivatives possess 
improved selectivity for killing protozoan 
cell lines (e.g., the parasites responsible for 
malaria and African sleeping sickness) ver- 
sus both bacterial and human cell lines. 
These findings have sparked a renewed 
interest in the development of a chemical 
synthesis of pactamycin, which could ulti- 
mately provide access to new synthetic ana- 
logs with therapeutically useful selectivity 
profiles. In 2011, Hanessian and co-work- 
ers reported the first total chemical synthe- 
sis of pactamycin, a breakthrough discov- 
ery that provides access to the molecule in 
32 synthetic steps from commercial start- 


exploit an element of symmetry in 

the target molecule. Although non- 
obvious in a cursory inspection of pacta- 
mycin, Malinowski et al. identified a “hid- 
den” symmetry element in the carbon chain 
extending from C4 to C8 that allowed them 
to design a synthetic plan that would begin 
with an inexpensive, symmetric starting 
material (see the figure, panel A). A variant 
of a Mannich reaction allowed the authors 
to use a chiral amine to catalyze carbon- 
carbon bond formation and also control the 
stereochemistry at the C2 atom. The stereo- 
chemical information at C2 is then relayed 
through the subsequent reductive desym- 
metrization of the methyl ketones at C5 and 
C7, such that the final product possesses 
the correct three-dimensional structure (see 
the figure, panel B). An important aspect 
of the synthesis is that the salicylate, ani- 
line, and urea groups are all incorporated 
in their native form (without requiring pro- 
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tecting groups or other synthetic manipu- 
lations), which helps reduce the number of 
synthetic steps. 

The synthesis developed by Malinowski 
et al. provides access to pactamycin in only 
15 chemical steps (versus 32 steps previ- 
ously) and 1.9% overall yield. Notably, sev- 
eral late-stage intermediates used in the syn- 
thesis represent suitable precursors for the 
preparation of analogs. Future investigations 
of the biological effects of such analogs could 


lead to the development of therapeutic agents 
with attenuated toxicity in mammalian cells. 
Just as the synthesis reported by Malinowski 
et al. will likely prove to be an enabling devel- 
opment in the story of pactamycin, it also 
highlights the enabling power of symmetry as 
a design element in rendering complex mol- 
ecules synthetically practical. 
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PHYSICS 


The Complete Quantum Hall Trio 


Seongshik Oh 


hen an electric current J flows 
through a slab of conductor placed 
in an external magnetic field 


H perpendicular to the flow direction, the 
magnetic field deflects the current-carrying 
charge particles toward the edge of the con- 
ductor and a transverse voltage V’, develops 
across the sample. This effect, discovered 
by Edwin Hall in 1879 (/), is called the Hall 
effect. Because the transverse resistance (or 
Hall resistance) defined as V,// is propor- 
tional to H/n, where n is the sheet carrier den- 
sity of the sample, the Hall effect has been 
widely used to quantify the carrier type (elec- 
tron or hole), density, and mobilities of elec- 
tronic materials. However, in the 1980s it was 
found that when the charge carriers are con- 
fined to a two-dimensional system (or sheet), 
the Hall resistance becomes 
exactly quantized at h/(ve’), 
where fi is the Planck con- 
stant, e is the electron charge, 
and v is a positive integer, 
whenever H/n approaches 
specific values (2). This phe- 
nomenon, called the quantum 
Hall effect (QHE), always 
requires an external magnetic 
field. On page 167 this issue 
(3), Chang et al. have discov- 
ered that such exact quanti- 
zation in the transverse resis- 
tance can occur even without 
an external magnetic field on 
a thin ferromagnetic topologi- 
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Quantum Hall 


cal insulator; the result confirms the long- 
awaited quantum anomalous Hall effect 
(QAHE), the final member of the quantum 
Hall trio (see the figure). 

Soon after the discovery of the QHE, it 
was realized that the quantization occurs 
when dissipationless (or lossless) one- 
dimensional channels form around the 
edges of the sheet while the rest of the sam- 
ple remains insulating and that the num- 
ber of these edge channels determines the 
integer value v. In such a case, electrons 
flowing on one side cannot be scattered 
backward because the backward channels 
exist only on the other side of the sample, 
which is separated by the insulating bulk in 
between, and whenever quantization occurs 
in the transverse resistance, the longitudi- 


Observation of a quantized resistance state 
in the absence of an external magnetic field 
completes a trio of quantum Hall related effects. 


nal resistance of the sample reduces to zero. 

As understanding of the QHE matured, 
questions arose as to whether such loss- 
less edge channels could exist even in the 
absence of an external magnetic field. In 
1988, it was shown theoretically that such an 
edge channel can exist on a two-dimensional 
lattice (4). Then, almost 20 years later, exper- 
imental demonstration of the presence of 
lossless edge channels in a HgTe/CdTe quan- 
tum well in the absence of an external mag- 
netic field was reported (5). However, due to 
the absence of a magnetic field forcing the 
current to flow one way or the other, there 
existed both clockwise and counter-clock- 
wise edge channels, whose direction was 
determined by the spin orientation (either up 
or down) of the occupying electrons, forced 


Hall 
(1879) 


Quantum Hall 
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Spin Hall 
(2004) 


Quantum spin Hall 
(2007) 
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(2013) 
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Quantum Hall trio. Numbers in parentheses indicate the years of each discovery. H is the external magnetic field, and M is 
the magnetization. For all three quantum Hall effects, electrons flow through the lossless edge channels, with the rest of the 
system insulating. When there is a net forward flow of electrons for Hall resistance measurement, (left) those extra electrons 
occupy only the left edge channels in the quantum Hall system regardless of their spins, (center) opposite-spin electrons occupy 
opposite sides in the quantum spin Hall system, and (right) only spin-down electrons flow through the left edge in the quantum 
anomalous Hall system. The locking schemes between spin and flow direction, and the number of edge channels depend on the 
material details, and only the simplest cases are illustrated here. 
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by the strong spin-orbit coupling mechanism 
inherent in heavy elements. This is the quan- 
tum spin Hall effect (QSHE), a quantized 
version of the spin Hall effect (6). 

If one of the spin channels in the QSH 
system is suppressed—for example, by 
ferromagnetism—it naturally leads to the 
QAHE. The Hall resistance in ferromagnetic 
conductors (7) is composed of the ordinary 
Hall effect proportional to the magnetic field 
and the anomalous Hall effect (AHE) pro- 
portional to the magnetization of the sample; 
the QAHE is the quantized version of this 
AHE. The discovery of the QSHE spurred 
active searches for the QAHE. It was pro- 
posed that the QAHE may be observable by 
suppressing one of the spin channels in the 
QSH state of the HgTe system with magnetic 
doping (8). Unfortunately, this system does 
not become ferromagnetic and thus failed to 
exhibit the QAHE. It was later predicted that 
when a topological insulator Bi,Se, is made 
thin and magnetically doped, the system 
should exhibit the QAHE with a quantized 
Hall resistance of h/e* (9)—a proposal that 
Chang et al. have successfully implemented. 

There were nontrivial material prob- 
lems that Chang ef al. had to overcome. The 
QAHE requires, among other things, bulk 
and surface conduction to be completely 
suppressed. However, the proposed Bi,Se, 
system has highly electron-doped bulk and 
surface states due to unavoidable selenium 
vacancies (/0). To get around this problem, 
they instead chose the (Bi,_,Sb,),Te, system 
(11), which, with the choice of x, allows 
tuning of its doping level toward the dop- 
ing-neutral point, where ferromagnetism 
opens an energy gap. With optimization of 
the material parameters, they achieved the 
quantized Hall resistance of h/e? at around 
the doping-neutral point in the absence of an 
external magnetic field. 

The observed properties of the QAHE 
are robust. First of all, unlike the QSHE, 
which required submicrometer feature sizes 
to avoid spin-flip scattering, the QAHE was 
observed over a macroscopic scale of hun- 
dreds of micrometers. It is also intriguing 
that the exact quantization is achieved even 
on a platform with a relatively low mobil- 
ity and with nonzero bulk conduction. This 
implies that the QAHE is definitely more 
robust than the QSHE and could be compa- 
rable to or even more resilient than the QHE. 

The exact quantization of the observed 
QAHE and the presence of a lossless edge 
channel could be used for a number of applica- 
tions. For example, the edge channel could be 
used as a dissipationless spin-filtering path for 
spintronic devices, and the exactly quantized 


Hall resistance without any magnetic field 
could be used as a simple resistance standard. 
The reported platform is yet far from such 
applications, considering the extremely low 
temperature requirement, currently enforced 
by the low ferromagnetic Curie temperature 
and other material imperfections. However, 
with further material breakthroughs, QAHE 
components might someday find their places 
in our mobile electronic devices. 
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CHEMISTRY 


Lifting the Veil on an Old Mystery 


Luc Vereecken 


An elusive reaction intermediate of central importance to the atmosphere yields details on its 


nature, lifetime, and reactivity. 


riegee intermediates (CIs) (/) are 
( the main intermediates in atmo- 

spheric reactions between ozone and 
organic molecules, resulting in the forma- 
tion of free radicals, organic acids, carbonyl 
compounds, and organic aerosols. Such 
reactions contribute to local photochemical 
smog and global climate change. Advances 
in understanding the chemistry of CIs long 
remained elusive because these compounds 
could not be observed directly. On page 174 
of this issue, Su ef al. (2) report direct detec- 
tion of a CI, and on page 177, Taatjes et al. 
(3) describe direct CI kinetics data that yield 
key information about their impact on the 
atmosphere. 

In 2008, Taatjes et al. reported the direct 
gas-phase observation of the smallest Cl, 
CH,00, with synchrotron photoioniza- 
tion mass spectrometry (4). Direct kinetics 
experiments followed in 2012, when Welz et 
al. (5) applied the same technique but used 
the reaction of iodoalkyl radicals with O, as 
a clean source of Cls. However, synchro- 
tron ionization is not widely available. More 
accessible and inexpensive techniques are 
needed, especially for use in the field. 

Su et al. now describe the gas-phase 
infrared absorption spectrum of CH,0O, 
complementing earlier work by Beames er 
al. (6) and Lee et al. (7) on its ultraviolet 
electronic spectrum. Based on these spectra, 
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new spectroscopic detection methods using 
widely available apparatus can be devised. 
Other studies have characterized CI chem- 
istry indirectly with equipment that can be 
used both in the field and in the lab. Berndt 
et al, (8) used a mass spectrometer to moni- 
tor CIs by SO, scavenging, whereas Novelli 
etal. (9) used an OH detector to trace Cls by 
their unimolecular OH production. 

Until recently, CIs in the troposphere 
were thought to react almost exclusively 
with the ubiquitous water molecules. How- 
ever, this assumption is based on indi- 
rect experimental data with uncertainties 
spanning several orders of magnitude and 
appears only partially correct. Furthermore, 
the experimental data frequently contradict 
theoretical predictions (/0). The latter show 
a complex zwitterionic/biradical structure 
for CIs (see the figure). The chemistry of 
these compounds depends strongly on the 
CI structure; for example, even syn and anti 
forms differing only in the orientation of the 
outer oxygen (see the figure, inset) are pre- 
dicted to react very differently. 

Kinetic information for assessing the 
role of Cls in the atmosphere is now also 
becoming available. Welz et al. (5) provided 
direct kinetic measurements of CH,OO 
with SO, and NO,,. Taatjes et al. (3) extend 
this approach to CH,CHOO, even distin- 
guishing between its syn and anti geom- 
etry. Both SO, and NO, display very fast 
reactions, with the rate depending on the 
CI structure by up to a factor of 3. Com- 
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Formation and reactions of Cls. Criegee intermediates (Cls) formed from ozonolysis or iodoalkyl radicals 
have been difficult to observe. Su et al. (2) report the infrared spectroscopic detection of the smallest Cl, 
CH,00. Kinetic measurements by Taatjes et al. (3, 12) of their reaction with water, SO,, NO,, and volatile 
organic compounds (VOCs) suggest a specific role for Cls in the atmosphere. OVOC, oxygenated volatile 
organic compound. (Inset) syn and anti forms of CH;CHOO. 


pared to these rates, the H,SO, formation 
rate from CI + SO, observed by Berndt 
et al. (8) is two orders of magnitude slower; 
Vereecken et al. (//) attributed this low 
yield to strong pressure dependence favor- 
ing other products. 

The rate coefficient for the reaction of 
CH,CHOO with water was found to be 
much slower, but—given the high water 
concentrations in the troposphere—still fast 
enough to make it the dominant atmospheric 
sink for anti-CH,CHOO (3). Conversely, 
both syn-CH,CHOO (3) and CH,OO (5) 
react too slowly with water to measure, 
allowing other reactions to compete. These 
reactions include thermal decomposition of 


CI to form radicals (5, 8, /0) and the reac- 
tion of CI with different carbonyl com- 
pounds, for which fast reaction rates span- 
ning two orders of magnitude were recently 
measured (/2). All these observations, and 
their strong dependence on CI structure, are 
in agreement with theoretical predictions 
(10, 11). 

Inconsistencies remain, but the data dis- 
cussed above suggest that CIs can play a role 
in the atmosphere well beyond their reac- 
tion with water. The reaction of CIs with 
SO, may be an important gas-phase source 
of low-volatility sulfuric acid, a key actor in 
the formation of atmospheric aerosols (/3). 
The reaction of CIs with NO, may affect the 
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NO, cycle, whereas their reaction with oxy- 
genated hydrocarbons might be a source of 
aerosol precursors. 

Theory-based analysis (//) of the impact 
of the CI structure on its atmospheric fate 
indicates that some smaller CIs will mainly 
react with water, but many others will par- 
tially react with other compounds or act as 
a source of free radicals. Additional experi- 
mental and theoretical studies are clearly 
needed on atmospherically relevant Cls. 
Atmospheric chemistry models will need 
to incorporate these new insights into 
Cl chemistry. 
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IMMUNOLOGY 


An Interferon Paradox 


Pamela M. Odorizzi and E. John Wherry 


ype | interferons (IFN-a/B) are a 

major first line of host defense against 
viral infection. Because of this potent 
antiviral activity, IFN-based therapies have 
been developed for chronic infections with 
hepatitis B and C viruses, as well as for HIV. 
However, a poorly understood phenomenon 
has been the persistence of virus despite 
induction of antiviral immune responses by 
type 1 IFNs. On page 207 and 202 in this 
issue, Teijaro ef al. (/) and Wilson et al. (2) 
address this long-standing question and find 


Institute for Immunology and Department of Microbiology, 
University of Pennsylvania Perelman School of Medicine, 
421 Curie Boulevard, Philadelphia, PA 19104, USA. E-mail: 
wherry@mail.med.upenn.edu 


www.sciencemag.org SCIENCE VOL 340 


that IFN-c/B can also suppress the immune 
system in ways that promote viral persis- 
tence. This paradoxical finding should spur 
a reassessment of the fundamental roles of 
IFN-c/B during chronic infections. 

In the early stage of viral infection, rec- 
ognition of pathogen-associated molecular 
patterns (PAMPs) through molecular sen- 
sors in the body, such as Toll-like receptors, 
leads to rapid production of type 1 IFNs by 
various cell types (3, 4). IFN-o/B acts in both 
an autocrine and paracrine manner to induce 
the expression of IFN-stimulated genes that 
limit viral replication and spread (4, 5). 
Importantly, loss of IFN-c/ signaling in 
animal models usually leads to uncontrolled 
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Interferons must balance antiviral actions 
against immunosuppressive effects during 
acute and chronic infections. 


viral replication (6). Chronic viral infections 
can result in sustained IFN-o/B signaling, 
presumably due to ongoing recognition of 
viral PAMPs (7). It has been unclear, how- 
ever, why this ongoing IFN-a/B signaling 
during chronic infections does not lead to 
viral control. 

Teijaro et al. and Wilson et al. used a 
mouse model of chronic infection with either 
of two strains of lymphocytic choriomenin- 
gitis virus (LCMV)—the Armstrong strain, 
which is associated with T cell-mediated 
viral control, and the clone 13 strain, which 
induces broad immune dysfunction, includ- 
ing T cell exhaustion (gradual decrease in T 
cell function). Both strains trigger robust, 
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Balancing dual roles. Type 1 interferons (IFN-o/B) may control viral replication and spread through two 
mechanisms. Antiviral responses include the expression of antiviral genes and the activation of specific 
immune cells. Immunomodulatory responses include the expression of immunosuppressive molecules, 
immune cell inhibition, and cell death. The balance of these responses may shift, with enhanced antiviral 
actions during acute infections and greater immunomodulatory effects during chronic infections. 


but transient, IFN-o/B production; how- 
ever, the expression of many IFN-stimulated 
genes persists during chronic infection. In 
these studies, the removal of IFN-«/B signal- 
ing in animals through genetic deletion of a 
subunit for the type 1 IFN receptor, or anti- 
body-mediated blockade of the IFN recep- 
tor before infection, increased viral repli- 
cation and acute LCMV infection was no 
longer controlled. Surprisingly, inhibiting 
IFN-c/B signaling also reduced the expres- 
sion of immunosuppressive molecules, such 
as the regulatory cytokine interleukin-10 
(IL-10) and the inhibitory receptor ligand 
programmed death ligand 1 (PD-L1). The 
IL-10 and PD-1 pathways promote viral per- 
sistence and T cell exhaustion during many 
chronic viral infections (8). Despite an initial 
increase in virus, blocking IFN-o/B during 
chronic LCMV infection led to a substan- 
tial reduction in viral titers by 2 months after 
infection. Therapeutic blockade of IFN-o/B 
signaling with an antibody against the IFN 
receptor after the establishment of chronic 
infection also enhanced viral control. Both 
studies observed improved virus-specific 
CD4* T cell responses and preserved lym- 
phoid tissue organization in the absence of 
IFN-a/B signaling. 

The studies by Teijaro et a/. and Wilson 
et al. highlight an unappreciated dual nature 
of IFN-o/B signaling during chronic viral 
infections (see the figure). Type 1 IFNs limit 
early viral replication through multiple direct 


molecular mechanisms, including inhibition 
of viral transcription and translation, as well 
as degradation of viral nucleic acids (5). The 
production of IFN-o/B early upon infec- 
tion also serves as an activation signal for 
immune cells by promoting lysis of infected 
cells by natural killer cells, enhancing anti- 
gen presentation—T cell priming by dendritic 
cells, and sustaining proliferation and activa- 
tion of T cells (3-5). However, IFN-o/B also 
has regulatory effects that suppress immune 
responses. For example, IFN-o/B can trigger 
programmed cell death of activated T cells 
and increase production of immunosuppres- 
sive molecules, including IL-10, PD-L1, and 
indoleamine (2,3)-dioxygenase (4, 9). Thus, 
although early antiviral effects of IFN-a/B 
are critical, the potential immunoregulatory 
roles of IFNs later in chronic infection could 
explain paradoxical clinical observations 
using IFN-based treatments. For example, 
strong basal IFN-o/B signatures (increased 
expression of IFN-stimulated genes) corre- 
late with poor responses to IFN-o therapy 
during chronic hepatitis C virus infection 
(10, 11). Such signatures are also associ- 
ated with disease progression during chronic 
HIV and pathogenic SIV infections, as well 
as during active versus latent Mycobacte- 
rium tuberculosis infection (12-14). 

Why might IFNs elicit direct antiviral 
effects while concurrently boosting immu- 
noregulatory responses that prevent robust 
adaptive immune responses to infections? 


One possibility is that the immunoregula- 
tory functions of IFN-o/B may have evolved 
to limit immune-mediated pathology during 
infections where viral persistence is inevita- 
ble. In these settings, the IFN-/B pathway 
may sense the level of ongoing viral repli- 
cation and bolster immune suppression to 
avoid damaging immunopathology, such as 
a “cytokine storm” (uncontrolled cytokine 
production and immune cell activation), 
meningitis, or immune-mediated tissue 
destruction. An essential next step will be 
determining how this balance is influenced 
by pathogen virulence and the strength of 
the immune response. In addition, the abil- 
ity of IFN-a/B to efficiently control early 
viral replication, and the capacity of differ- 
ent viruses to evade this response, may dic- 
tate the importance of these immunoregula- 
tory effects. 

How might these findings improve IFN- 
based treatment strategies? There are sev- 
eral issues to be addressed. Identifying 
the molecular basis for the antiviral versus 
immunomodulatory effects of IFN-c/B will 
be necessary to selectively manipulate these 
opposing activities. It will also be critical 
to determine how the balance between anti- 
viral and immunoregulatory effects varies 
from virus to virus or during a single viral 
infection over time. The studies of Teijaro 
et al. and Wilson et al. suggest that patients 
currently on IFN therapy could be moni- 
tored for the induction of antiviral versus 
immunoregulatory effects, allowing physi- 
cians to modify treatment strategies accord- 
ingly. It also may be possible to further 
improve the antiviral therapeutic potential 
of IFNs and perhaps exploit the immuno- 
regulatory properties of this pathway for 
nonviral diseases. 
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Deep Homology of Arthropod Central 
Complex and Vertebrate Basal Ganglia 


Nicholas J. Strausfeld?* and Frank Hirth?* 


The arthropod central complex and vertebrate basal ganglia derive from embryonic basal forebrain 
lineages that are specified by an evolutionarily conserved genetic program leading to interconnected 
neuropils and nuclei that populate the midline of the forebrain-midbrain boundary region. In the 
substructures of both the central complex and basal ganglia, network connectivity and neuronal 
activity mediate control mechanisms in which inhibitory (GABAergic) and modulatory (dopaminergic) 
circuits facilitate the regulation and release of adaptive behaviors. Both basal ganglia and central 
complex dysfunction result in behavioral defects including motor abnormalities, impaired memory 
formation, attention deficits, affective disorders, and sleep disturbances. The observed multitude of 
similarities suggests deep homology of arthropod central complex and vertebrate basal ganglia 
circuitries underlying the selection and maintenance of behavioral actions. 


rtebrate basal ganglia are evolutionarily 
conserved interconnected nuclei trace- 
able to stem group taxa (/). Their ground 


pattern comprises four principal volumes: the stri- 
atum, the internal and external domains of the 
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globus pallidus, the subthalamic nucleus, and the 
substantia nigra. Basal ganglia play a key role in 
selecting and maintaining adaptive behavior by 
conveying sensorimotor, limbic, and associative 
information corresponding to action selection 
among behavioral modules that are competing 
for the control of a limited set of motor programs 
(2). Focal lesions and dysfunction of the basal 
ganglia are associated with movement disorders, 
such as parkinsonism, dystonia, and abulia, as well 
as neuropsychiatric disorders (3), essentially affect- 
ing goal-directed behavior and habitual control (4). 


Similar behavioral manifestations have been 
attributed to the arthropod central complex (5, 6), 
which in insects and crustaceans comprises three 
interconnected midline centers: the protocerebral 
bridge, fan-shaped body, and ellipsoid body lead- 
ing to the paired lateral accessory lobes (fig. $1). 
Central complexes can be traced to related arthro- 
pods, including Onychophora, and to Lophotro- 
chozoa represented by polychaete annelids (5). 
Here, we review multiple lines of evidence sug- 
gesting deep homology of the vertebrate basal 
ganglia and the arthropod central complex in the 
selection and maintenance of adaptive behavior. 


Basal Forebrain Origin and 
Developmental Genetics 
Nuclei of the basal ganglia derive from precursor 
cells of the ventral telencephalon, with neural 
stem cells from the ganglionic eminences giving 
rise to striatum and pallidum to become located at 
the segmental border between the prosencepha- 
lon and mesencephalon, where they populate the 
midline of the basal forebrain (7). In insects, spe- 
cific embryonic and larval neural stem cells in the 
basal forebrain give rise to components of the cen- 
tral complex that populate the midline of the pos- 
terior protocerebrum (6). Thus, the vertebrate basal 
ganglia and arthropod central complex share com- 
parable embryological derivation and topography. 
In mice, forebrain patterning, prosencephalic 
and mesencephalic boundary formation, and gen- 
esis and specification of the ventral telencephalon 
(especially the ganglionic eminences) are under 


Table 1. Genetic programs underlying the formation of vertebrate basal ganglia and insect central complex. Abbreviations: FB, fan-shaped body; 


EB, ellipsoid body; DA, dopaminergic. 


Vertebrate basal ganglia 


Gene homologs 


Insect central complex 


Patterning of forebrain/midbrain 
and ventral telencephalon (9, 62, 63) 


Patterning of ventral telencephalon 
and formation of striatum 
and pallidum (7, 8) 


Formation and specification of striatum 
and pallidum (7, 64, 65) 


Specification of striatum and 
pallidum (9, 65-67) 


Specification and maintenance of DA 
neurons (substantia nigra) (10, 68) 


Formation of subthalamic nucleus (69, 70) 


Nigropallidal projections (10), 
EtOH-induced reward/addiction (52) 
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Otx2/otd 
FGF8/pyramus, thisbe 
SHH/hh 

BMP/dpp 

Six3/Tc-Six3 

SHH/hh 


Dix1,2/D1l 
TIx/tll 
Nkx2.1/vnd 


Otx2/otd 
Paxé6/eyeless 
Emx2/ems 
Gsh1,2/ind 
Lhx6,7/— 
Otx2/otd 
En1,2/en 
FGF8/pyramus, thisbe 
SHH/hh 
LRRK2/rrk2 
Pitx2/Pitx1 


AUTS2/tay-bridge 


Patterning of forebrain and 
basal protocerebrum (71) 


Patterning of anterior neuroectoderm 
and formation of FB+EB (13) 


Formation and specification of 
basal protocerebrum (13, 71) 


Specification of protocerebral bridge, 
FB, and EB (13, 14, 16) 


Specification and maintenance of 
DA neurons (PPM3, PPL1) (15) 


? 


PPL1-FB projections, EtOH-induced 
reward/addiction (40, 43, 52, 72) 
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the control of signals including fibroblast growth 
factor 8 (FGF8), sonic-hedgehog (SHH), and mem- 
bers of the bone morphogenetic protein (BMP) 
family; FGF8 and SHH play essential roles in the 
neurogenesis of dopaminergic cells of the sub- 
stantia nigra (7). The Six3 gene interacts and is 
required with SHH for early ventral telencepha- 
lon formation (8), and Otx2 is required for early 
forebrain and midbrain development (9). Later in 
development, Otx2 is involved in the genesis of 
substantia nigra dopaminergic neurons and the 
formation of the dopaminergic nigrostriatal path- 
way (/0). Dix1/2, Tix, Nkx2.1, Pax6, Emx2, Gsh1/2, 
and Lhx6/7 play essential roles in the development 
and specification of the striatum and pallidum; 
Engrailed1/2 (En1/2) genes are required for sub- 
stantia nigra formation; and Pitx2 is required for 
the formation of the subthalamic nucleus (Table 1). 

In Drosophila and the beetle Tribolium, homo- 
logs of FGF8, SHH, BMP, Orx2, Dix1/2, Tix, 
Nkx2.1, Pax6, Emx2, Gsh1/2, En1/2, and Pitx2 
have all been identified. The region-specific gene 
expression patterns in the developing brain cor- 
respond to those in vertebrates (//—/3). For ex- 
ample, the Drosophila Otx2 homolog otd is 
required for embryonic forebrain development 
and, later during development, for the formation 
of the protocerebral bridge (/4) and the specifi- 
cation of central dopaminergic neuron clusters 
(15). The Tribolium homolog of the vertebrate 
Six3 gene is required for formation of the fan- 
shaped body and ellipsoid body; knockdown of 
Te-Six3 leads to early patterning defects in the 
anterior neuroectoderm and the complete ab- 
sence of central body lineages (/3). The Dro- 
sophila Pax6 homolog eyeless is required for 
fan-shaped body and ellipsoid body specifica- 
tion (/6). Thus, the genesis and specification of 
the basal ganglia and central complex share un- 
derlying developmental genetic programs that ex- 
tend from homologous gene structure to pattemed 
expression and function (Table 1). 


Neural Architectures of Striatum/Fan-Shaped 
Body and Pallidum/Ellipsoid Body 
The adult striatum and fan-shaped body are dis- 
tinguished by their three-dimensional architec- 
tures. A cardinal feature of the striatum, best 
resolved in mammals, is its differentiation into 
modular islets, the striosomes, embedded in the 
surrounding neural matrix, and a system of do- 
mains adjacent to striosomes, termed matrisomes 
(17) (Fig. 1, A to C). Matrisomes relate to body 
parts and their representations in sensory corti- 
ces (/7), whereas striosomes receive relays via 
the prefrontal cortex from the amygdala, hippo- 
campus, and limbic system (/7—/9). Combinato- 
rial interactions among modules provide substrates 
for associations among the representations of body 
parts and of their spatial coordinates, with striosomal 
afferents relating to stored associations and functions 
that are loosely referred to as motivational levels, 
reafference, and autonomic functions (20). 

In the insect central complex, the fan-shaped 
body comprises an arrangement of successive 


synaptic layers intersected by a repeated arrange- 
ment of modules (Fig. 1, D to F). Each arrange- 
ment reflects the clonal organization of uniquely 
identifiable columnar, tangential, and fan-shaped 
arborizations of efferent, intrinsic, and afferent 
neurons (2/—24). Sensory representations at the 
level of the protocerebral bridge are exemplified 
by maps of the e-vector of polarized light, which 
are combinatorially intermingled by a system of 
chiasmatal projections to modules spanning the 
underlying fan-shaped body (25). Haptic infor- 
mation, also encoding sensory space and provided 
by mechanosensory appendages, is represented 
across the protocerebral bridge and fan-shaped 
body (26, 27). Insects with evolved blindness 
demonstrate the robustness of such modularity 
and its independence from a single sensory mo- 
dality (28). Stratifications of the fan-shaped body 
are further denoted by systems of modulatory 
peptidergic neurons (23) and inputs to it from the 
protocerebrum carrying information of higher- 
order visual primitives and learned discrimination 
of visual cues (29-3/), Thus, distinctive modules 
representing sensory attributes, and modules pro- 
vided by afferents from association and modu- 
latory centers, can be identified in both phyla 
(Fig. 1). 

The vertebrate pallidum and the arthropod 
ellipsoid body share comparable organizational 
features. In vertebrates, the internal and external 
globus pallidus (GPi and GPe) are dominated 
by GABAergic neurons that connect to the sub- 
thalamic nucleus and the thalamus, with recipro- 
cal glutamatergic connections from the subthalamic 
nucleus back to the GPe. Inhibitory outputs from 
the globus pallidus serve to select specific motor 
actions by suppressing inhibition of their activat- 
ing circuits (2). In insects, inhibitory GABAergic 
neurons, which provide dense networks in the 
fan-shaped body, ellipsoid body, and two satel- 
lite centers (noduli), extend their axons laterally 
from the central complex to the flanking lateral 
accessory lobe neuropils (30, 32). The identi- 
fication of metabotropic glutamate receptors at 
discrete branching processes suggests reciprocal 
glutamatergic pathways to the ellipsoid and fan- 
shaped bodies (33). Fibrous distributions of mono- 
amines and peptides, as well as their corresponding 
metabotropic receptors in neural processes, point 
to the presence of complex modulatory circuits 
within and between ellipsoid and fan-shaped body 
neuropils (34). 


Dopaminergic Neuron and Receptor Distribution 

In vertebrates, the substantia nigra provides the 
primary source of dopaminergic neurons that 
ascend to the striatum, leading to a dense inner- 
vation via the nigrostriatal pathway (35). All known 
G protein-coupled dopamine receptors are ex- 
pressed in the striatum, with D1 and D2 receptors 
the most abundant. D1 receptors, together with 
substance P, are expressed by GABAergic spiny 
projection neurons (SPNs) constituting 90% of 
the striatal neurons that project to the GPi and 
substantia nigra reticulata, thereby defining the 


direct pathway (36). Projections to the GPe, de- 
fining the indirect pathway, express D2 dopa- 
mine receptor together with enkephalin (36). 

As evidenced in Drosophila, clusters of 
dopamine-containing neurons identified at the level 
of single nerve cells have stereotypic anatomical 
and location-specific projection patterns. Whereas 
several such clusters are associated with the mush- 
room bodies (37), two clusters termed PPM3 and 
PPLI, revealed at the single-cell level, provide 
dense dendritic arborizations within the central 
complex (37-41). Thus, individual dopaminergic 
neurons of the PPM3 cluster target fan-shaped 
body, ellipsoid body, and lateral accessory lobes 
(37-39), and single neurons of the PPL1 cluster 
target the fan-shaped body, with both PPM3 
and PPL] targeting the mushroom bodies as well 
(40, 41) (Fig. 2). D1-like dopamine receptor ex- 
pression and immunoreactivity have been dem- 
onstrated for the fan-shaped body, ellipsoid body, 
and lateral accessory lobes (42, 43). Substance 
P immunolabeling has been described in the cen- 
tral complex of insects (locusts), chelicerates 
(Limulus), and decapod crustaceans (Homarus) 
(44-46). In the locust, columnar substance P im- 
munoreactive fibers project to the protocerebral 
bridge, from which they extend to the lower di- 
vision of the central body (the locust term for the 
ellipsoid body); substance P immunoreactive ter- 
minals extend out to the central complex’s lateral 
triangle and the lateral accessory lobes (46). How- 
ever, comparative analysis reveals limited evi- 
dence for enkephalin and D2 receptor expression. 
These data suggest the presence of a direct path- 
way in the arthropod central complex, with sub- 
stance P and D1 receptor expression linking 
ellipsoid and fan-shaped bodies (42-46) and 
direct GABAergic output to the lateral acces- 
sory lobes (30, 32). 


Selection and Maintenance of Behavioral Actions 
In insects, the central complex is critical in the 
selection of motor actions and the control of 
multijoint movement (47). Genetic deletion of 
parts of the central complex, developmental errors 
that disrupt central complex circuitry, or the mis- 
expression of neuropeptides can all give rise to 
ataxia, tripping, hesitancy, and other parkinsonism- 
like defects. In addition, targeted synaptic inac- 
tivation of central complex substructures impairs 
visual orientation and place memory, diminishes 
startle- or ethanol-induced arousal, and results in 
attention deficits and sleep disorders (table S1). 
The behavioral outcomes of neuronal activity 
of the central complex are reminiscent of action 
selection and maintenance mediated by the ver- 
tebrate basal ganglia, which includes a raft of 
functions (table S1). Dysfunction of the basal 
ganglia caused by injury, viral or bacterial in- 
fection, or age-related degeneration of neuronal 
subpopulations, along with other pathological 
deficiencies, results in a spectrum of motor sys- 
tem disorders ranging from hypokinesia to hyper- 
kinesia (including ataxias, parkinsonism, Tourette 
syndrome, chorea, and dystonia) as well as neu- 
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Fig. 1. Ground pattern and modular arrangement of the mammalian 
striatum and the insect fan-shaped body. (A to C) The mammalian stria- 
tum [(A), modified from (73)] consists of two principal subunits. Striosomes [green 
in (A)] within the matrix of the striatum [schematized in mauve, purple in (B) and 
(©) are associated with discrete volumes of the striatal matrix, called matrisomes 
[brown, yellow in (B) and (Q)]. In mammals, striosomes receive inputs from the 
hippocampus and amygdala via the frontal cortex, among other brain regions, 
carrying information about internal physiological states (modulations, memories) 
(17, 20). Matrisomes are supplied by cortical representations of sensory space 
and sensory modalities (17). (Q Interactions and associations among matrisomes, 
and between matrisomes and striosomes, are mediated by local interneurons 
(blue) that integrate and provide information to striatal afferents supplying 
direct and indirect GABAergic pathways (red arrows) to the globus pallidus and 
subthalamic nucleus [see (3, 36)]. (D to F) The insect fan-shaped body [(D), 


body ground pattern 


REVI 


Striatum ground pattern 


Matrisome (modality, sensory representations) 


Striosome 
(modulation, memory) 


Fan-shaped 


F 


Module (modality-sensory space) 


(modulation, memory) 


from Mantis religiosa, labeled with antisera against allatostatin (green) and 
B-tubulin (ochre)] consists of two principal subunits: tangential stratifications 
(schematized in mauve, purple) that intersect columnar modules (yellow, 
brown), one indicated by bracketed arrows M in (D) and (E) [see (22, 24, 32)]. 
Columnar modules are supplied by afferents carrying information about sensory 
modalities and the organization of sensory space (5, 25, 26). (E) Tangential ele- 
ments comprise relays mainly from the protocerebrum. These can carry infor- 
mation about higher-order sensory cues, learned sensory associations, and 
physiological states [modulations, memories (5, 25-27, 29, 30)]. (F) Cross 
section of a stratum of the fan-shaped body, showing routes of interactions 
and associations among columnar elements, and between columnar elements 
and planar tangentials, that are mediated by local interneurons (blue) at several 
levels through the fan-shaped body (5, 21). These are assumed to provide 
integrated information to outgoing GABAergic pathways (red arrows). 


ropsychiatric disorders (including impaired mem- 
ory formation, attention deficits, affective disorders, 
and sleep disturbances) (3). Thus, both central 
complex substructures and nuclei of the verte- 
brate basal ganglia mediate sensorimotor inte- 
gration, motivational and affective behavior, and 
cognition related to comparable behavioral man- 
ifestations (table S1). 


Dopaminergic Modulation of Action Selection 
and Maintenance 

In vertebrates, dopamine innervation of the stri- 
atum via the nigrostriatal pathway is critical for 
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normal function of the striatum and basal gan- 
glia. Substantia nigra neurons are autonomous 
pacemakers that provide a tonic release of do- 
pamine onto GABAergic SPNs in the striatum, 
thereby modulating the tonic inhibitory output 
of GABAergic SPNs and allowing movements 
to occur. Depletion of dopamine or its receptors, 
or dysfunction of the nigrostriatal pathway, can 
result in a range of pathologies, most of which 
refer to dysfunction of inhibitory or activation 
control of motor behaviors (36). Progressive loss 
of dopaminergic neurons in the substantia nigra 
causes loss of the nigrostriatal pathway, which in 


turn results in Parkinson’s disease characterized 
by a progressive increase in the brain’s inability 
to suppress motor actions, leading to rigidity, 
bradykinesia, and nonmotor symptoms including 
sleep and mood disorders (3). The activity of ni- 
grostriatal dopaminergic neurons also modulates 
motivated behaviors related to aversion and 
reward. Aversive events transiently decrease the 
activity of nigrostriatal dopaminergic neurons, 
whereas reward transiently increases it, thereby 
providing bidirectional signaling to the striatum. 
Addiction disorders such as alcohol abuse have 
been linked to an imbalance or dysfunction of 
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this system, especially of the striatal nucleus 
accumbens (48). Recent optogenetic and genetic 
work confirms the modulation of both the direct 
and indirect pathways by dopamine or dopamine 
receptor activity; these mediate action selection 
and reward- or aversion-driven maintenance of 
behavioral actions (36). 

Insects show similar dopamine-dependent be- 
haviors and deficits. Dopaminergic neurons and 
DI receptor activation in the central complex 
play crucial roles in behavioral action selection 
and maintenance. Central nervous system (CNS) 
specific depletion of dopamine in Drosophila re- 
sults in reduced activity and locomotor deficits, 
extended sleep time, and defects in aversive ol- 
factory memory formation, suggesting that arousal 
and choice require normal dopamine levels (49). 
Age-related degeneration of dopaminergic neu- 
ron clusters leads to parkinsonism in Drosophila 
characterized by severely impaired motor behav- 
ior (50, 51). Specifically, dopaminergic PPM3 neu- 
rons projecting to the central complex (see above) 
regulate locomotor activity and promote ethanol- 
induced hyperactivity (6, 43). Expression of the 
D1-like receptor DopR in the ellipsoid body is 
required for locomotor activity elicited by ethanol 
exposure (43) and for the regulation of repetitive 
startle-induced arousal (table $1). Optogenetic 
and genetic manipulation of PPL1 dopaminergic 
neurons that project to both mushroom bodies 
and the fan-shaped body reveal that these cells 
are essential for motivated behaviors, including 
reward- and aversion-driven maintenance of be- 
havioral actions that relate to memory retrieval 
and reinforcement (table S1). 

Thus, in both the central complex and basal 
ganglia, comparable systems of dopaminergic 
neurons, their projections, and dopaminergic re- 
ceptor activities are involved in the modulation 
and maintenance of normal behavioral actions 
(table S1). Perturbation of dopaminergic pathway 
activity or of its modulatory output interferes with 
the selection and maintenance of behavioral ac- 
tions. This is further exemplified by nigrostriatal 
pathway and PPL 1/fan-shaped body projections: 
Both are involved in the modulation of reward 
behavior that is distorted by abusive alcohol 
consumption leading to addiction modulated by 
tay-bridge in Drosophila and its AUTS2 homo- 
log in mammals, including humans (52); in both 
cases, parts of the underlying, deregulated neural 
circuitry have been identified, including dopamin- 
ergic innervation of the ellipsoid body (37-39, 43) 
and dopaminergic innervation of the pallidum via 
nigropallidal projection neurons (48). 


Deep Homology of Neural Circuitry for Action 
Selection and Maintenance 

The multiplicity of similarities described here iden- 
tifies a highly conserved structural and functional 
organization of the arthropod central complex 
and vertebrate basal ganglia (Fig. 2). Differences, 
beyond shape and size, suggest that an indirect 
pathway including a subthalamic nucleus-like 
structure is either absent or remains to be iden- 


tified in the arthropod central brain. In mammals, 
bipartite activity of direct and indirect pathways 
results in action selection by disinhibition of a 
selected motor program and the simultaneous 
inhibition of other competing actions (2, 3), Al- 
though there is ample evidence for a direct path- 
way in the arthropod central complex, it remains 
to be shown whether a comparable interplay be- 
tween disinhibitory activity and enhanced inhi- 
bition mediates action selection and behavioral 
output in arthropods. Moreover, the evolved loss of 
central complex components, as in Branchiopoda 


(5), or loss of a centralized nervous system en- 
tirely (//) are likewise phylum-specific departures 
from a corresponding ground pattern. 
Similarities of brain structure, function, and 
behavior have been ascribed to convergent evo- 
lution (53). However, microRNA and ribosomal 
RNA data (54, 55) support a common origin of 
arthropods and vertebrates—a conjecture further 
corroborated by recent morphological and molec- 
ular evidence suggesting that Cnidaria represent 
a true outgroup to Bilateria (56). Monophyly of 
Bilateria, together with the presence of a midline 


Insect 
Protocerebra 


Mammal 
Cortices 


Fig. 2. Proposed correspondences of neural organization of the mammalian basal ganglia and 
insect central complex. Corresponding regions of the basal ganglia (left) and insect central complex 
(right) and their associated regions are aligned, as are their relevant connections. Inhibitory pathways are 
shown in red, dopaminergic pathways in black, and other pathways (excitatory or modulatory) in blue. The 
striatum (ST = caudate nucleus + putamen) corresponds to the fan-shaped body and protocerebral bridge 
(FB+PB); the external and internal globus pallidus (GPe, GPi) correspond to the ellipsoid body (EB). There 
is no center in the insect corresponding to the vertebrate subthalamic nucleus (STN) as an intermediate 
station between the GP and the dopaminergic substantia nigra pars compacta (SNc). Inputs to the striatum 
derive from sensory and association cortices (gray), from the hippocampus and amygdala (HI, AM; yellow), 
and from the limbic system (not shown) via the frontal cortex (17, 20). In insects, inputs to the FB and PB 
derive from sensory intermediate and inferior lateral protocerebra (IMP, ILP) (21, 22, 25-27, 30) and 
associative superior medial protocerebrum (SMP), which receives learned visual cues and outputs from the 
mushroom bodies (MB) (29, 74), the latter center corresponding to the mammalian hippocampus (5, 59). 
The PB, FB, and EB are connected by through-going presumably excitatory columnar neurons, many of 
which also extend to the lateral accessory lobes (LAL) (21, 24, 25). GABAergic outputs from the insect EB 
supply the LAL and its associated neuropils (30, 32). The LAL is here equated to the vertebrate thalamus 
(TH) supplied from the globus pallidus (2). Both the TH and LAL supply motor centers [mammal: motor 
cortices (2); insect: inferior and ventrolateral protocerebra (ILP, VLP) (75)]. In insects, dopamine pathways 
extending from PPM3 and PPL1 domains to the FB and EB (37-43) correspond to dopamine innervation 
of the striatum from the SNc (35, 76). Descending pathways [vertebrate: from motor cortices to spinal 
cord; insect: from the ILP, VLP to the ventral cord and ganglia (77)] are shown in green. 
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neuropil in both annelids and arthropods, sug- 
gests that a central complextke midline structure 
already existed in the common bilaterian ancestor 
before the split to Protostomia and Deuterostomia, 
which likely possessed a complex, tripartite brain 
(11, 57). It follows that genealogical correspon- 
dence due to common evolutionary origin (58) 
is the most parsimonious explanation for the 
observed multitude of similarities between basal 
ganglia and the central complex, which suggests 
that homologous circuits mediate comparable be- 
havioral functions across phyla. 

There is no a priori reason for rejecting the 
notion that the selection of an appropriate motor 
program by a brain is a plesiomorphic trait and 
that this trait, which is common across phyla, is 
provided by homologous circuits. Adaptive be- 
haviors, selected by the CNS as responses to one 
or another environmental challenge, are universal 
phenotypes of organisms equipped with rostral 
brains that integrate bilateral sensory input for 
coordinated behavioral output. The likelihood 
that such a relationship was present in the an- 
cestor of protostomes and deuterostomes is sug- 
gested by trace fossils from the end-Vendian and 
early Cambrian, which show that organisms ac- 
complished bouts of elaborate searching strat- 
egies (59, 60)—that is, complex actions that were 
switched on and off. 

The multitude of commonalities reviewed 
here suggests deep homology of the arthropod 
central complex and vertebrate basal ganglia. 
They indicate that the ancestral bilaterian brain 
already possessed clusters of midline-associated, 
interconnected basal forebrain neurons mediating 
the selection and maintenance of behavioral ac- 
tions. Together with recent evidence for a com- 
mon origin of higher brain centers involved in 
allocentric memory in worms and mice (6/), these 
data suggest that the ground pattern of circuits 
essential for behavioral choice originated very 
early and have been maintained across phyla 
throughout evolutionary time. 
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INTRODUCTION 


OVERVIEW 


The Mosaic Nature of 
Australopithecus sediba 


THE SITE OF MALAPA, SOUTH AFRICA, HAS YIELDED PERHAPS THE RICH- 
est assemblage of early hominin fossils on the continent of Africa. The 
fossil remains of Au. sediba were discovered in August of 2008, and the 
species was named in 2010 (/)* and given a provisional age of ~1.78 to 
1.95 Ma (2). In 2011, detailed studies of four critical areas of anatomy 
of these remains were published (3—6), and a refined date of ~1.977 
to 1.98 Ma was proposed (7). The six articles presented in full in the 
online edition of Science (www.sciencemag.org/site/extra/sediba), with 
abstracts in print (pp. 164-165), complete the initial examination of the 
prepared material attributed to three indi- 
viduals: the holotype and paratype skel- 
etons, commonly referred to as MH1 and 
MH2, and the adult isolated tibia referred 
to as MH4. They, along with the cumulative 
research published over the past 3 years, 
provide us with a comprehensive examina- 
tion of the anatomy of a single species of 
early hominin. 

Irish et al. examine highly heritable 
nonmetric dental traits in Au. sediba. The 
species appears phylogenetically distinct 
from East African australopiths but close 
to Au. africanus, forming a southern Afri- 
can australopith clade. The latter shares 
some derived states with a clade compris- 
ing four fossil samples of the genus Homo. 
This result has implications for our pres- 
ent understanding of hominin phylogeny 
through the terminal Pliocene and sug- 
gests a possibility that Aw. sediba, and per- 
haps Au. africanus, did not descend from 
the Au. afarensis lineage. De Ruiter et al. 
examine mandibular material attributable 
to MH2, including the previously unknown 
mandibular incisors and premolars of Au. 
sediba. As seen elsewhere in the cranium 
and skeleton, these mandibular remains 
share similarities with those of other aus- 
tralopiths but differ from Aw. africanus 
in both size and shape, as well as in their 
ontogenetic growth trajectory. These results further support the claim 
that Au. sediba is taxonomically distinct from Aw. africanus. Where the 
Au. sediba mandibles differ from those of Au. africanus, they appear 
most similar to those of representatives of early Homo. 

Churchill ef al. explore the upper limb elements of Au. sediba, 
describing the most complete and undistorted humerus, radius, ulna, 
scapula, clavicle, and manubrium yet described from the early hominin 
record, all associated with one individual. With the exception of the 
hand skeleton (3), the upper limbs of the Malapa hominins are largely 
primitive in their morphology. Au. sediba thus shares with other aus- 
tralopiths an upper limb that was well suited for arboreal climbing and 
possibly suspension, although perhaps more so than has previously 
been suggested for this genus. 


www.sciencemag.org SCIENCE VOL 340 


Composite reconstruction of Au. sediba based on 
recovered material from MH1, MH2, and MH4 and 
based on the research presented in the accompany- 
ing manuscripts. Because all individuals recovered to 
date are approximately the same size, size correction 
was not necessary. Femoral length was established 
by digitally measuring a complete femur of MH1 
still encased in rock. For comparison, a small-bodied 
female modern H. sapiens is shown on the left and a 
male Pan troglodytes on the right. 


Remains of the rib cage of Au. sediba are described by Schmid et al. 
and reveal a mediolaterally narrow upper thorax like that of the large- 
bodied apes and unlike the broad cylindrical chest seen in humans. In 
conjunction with the largely complete remains of the shoulder girdle, 
the morphological picture that emerges is one of a conical thorax with 
a high shoulder joint (producing an ape-like “shrugged” shoulder 
appearance) and thus a configuration that is perhaps uniquely australo- 
pith and would not have been conducive to human-like swinging of 
the arms during bipedal striding and running. The less well-preserved 
elements of the lower rib cage suggest a 
degree of human-like mediolateral nar- 
rowing to the lower thorax, indicating a 
rather unsuspected mosaic anatomy in 
the chest that is not like that observed in 
Homo erectus or H. sapiens. 

Williams ef al. analyze elements of 
the cervical, thoracic, lumbar, and sacral 
regions of the vertebral column, showing 
that Au. sediba had the same number of 
lumbar vertebrae as modern humans but 
possessed a functionally longer and more 
flexible lower back. Morphological indi- 
cators of strong lumbar curvature suggest 
that Au. sediba was derived in this regard 
relative to Au. africanus and was more 
similar to the Nariokotome H. erectus 
skeleton. 

Finally, DeSilva et al. describe the 
lower limb anatomy of Au. sediba and pro- 
pose a specific biomechanical hypothesis 
for how this species walked. In isolation, 
the anatomies of the heel, midfoot, knee, 
hip, and back are unique and curious, but 
in combination they are internally con- 
sistent for a biped walking with a hyper- 
pronating gait. The implications are that 
multiple forms of bipedalism were once 
practiced by our early hominin ancestors. 

This examination of a large number 
of associated, often complete and undis- 
torted elements gives us a glimpse of a hominin species that appears 
to be mosaic in its anatomy and that presents a suite of functional com- 
plexes that are different from both those predicted for other australo- 
piths and those of early Homo. Such clear insight into the anatomy of 
an early hominin species will clearly have implications for interpret- 
ing the evolutionary processes that affected the mode and tempo of 
hominin evolution and the interpretation of the anatomy of less well- 
preserved species. 

— LEE R. BERGER 


Evolutionary Studies Institute, University of the Witwatersrand, Private Bag 3, Wits 2050, 
South Africa. E-mail: profleeberger@yahoo.com 


*References may be found on page 165 after the abstracts. 
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ABSTRACTS 


Dental Morphology and 
the Phylogenetic “Place” 
of Australopithecus sediba 


Joel D. Irish,** Debbie Guatelli-Steinberg,? Scott S. Legge,? 
Darryl J. de Ruiter,** Lee R. Berger® 
*Corresponding author. E-mail: j.d.irish@ljmu.ac.uk 


To characterize further the Australopithecus sediba hypodigm, we describe 
22 dental traits in specimens MH1 and MH2. Like other skeletal elements, 
the teeth present a mosaic of primitive and derived features. The new non- 
metric data are then qualitatively and phenetically compared with those in 
eight other African hominin samples, before cladistic analyses using a gorilla 
outgroup. There is some distinction, largely driven by contrasting molar 
traits, from East African australopiths. However, Au. sediba links with Au. 
africanus to form a South African australopith clade. These species present 
five apomorphies, including shared expressions of Carabelli’s upper first 
molar (UM1) and protostylid lower first molar (LM1). Five synapomorphies 
are also evident between them and monophyletic Homo habilis/rudolfensis 
+H. erectus. Finally, a South African australopith + Homo clade is supported 
by four shared derived states, including identical LM1 cusp 7 expression. 


>> Read the full article at http://dx.doi.org/10.1126/science.1233062 


Mandibular Remains Support 
Taxonomic Validity of 
Australopithecus sediba 


Darryl J. de Ruiter,*** Thomas J. DeWitt, Keely B. Carlson,’ 
Juliet K. Brophy, *>” Lauren Schroeder,® Rebecca R. Ackermann,® 
Steven E. Churchill,>’ Lee R. Berger® 

*Corresponding author. E-mail: 
deruiter@tamu.edu 


Since the announcement of the 
discovery of Australopithecus 
sediba, questions have been 
raised over whether the Malapa 
fossils represent a valid taxon 
or whether inadequate allow- 
ance was made for intraspecific 
variation, in particular with reference to the temporally and geographically 
proximate species Au. africanus. The morphology of mandibular remains 
of Au. sediba, including newly recovered material discussed here, shows 
that it is not merely a late-surviving morph of Au. africanus. Rather—as is 
seen elsewhere in the cranium, dentition, and postcranial skeleton—these 
mandibular remains share similarities with other australopiths but can be 
differentiated from the hypodigm of Au. africanus in both size and shape, 
as well as in their ontogenetic growth trajectory. 


>> Read the full article at http://dx.doi.org/10.1126/science.1232997 


The Upper Limb of 
Australopithecus sediba 


Steven E. Churchill,** Trenton W. Holliday,?”* Kristian J. Carlson,>?* 
Tea Jashashvili,>** Marisa E. Macias,’ Sandra Mathews,° 

Tawnee L. Sparling,’ Peter Schmid,*** Darryl J. de Ruiter,*> 

Lee R. Berger® 

*Corresponding author. E-mail: churchy@duke.edu 


The evolution of the human 
upper limb involved a change 
in function from its use for both 
locomotion and prehension (as 
in apes) to a predominantly 
prehensile and manipulative 
role. Well-preserved forelimb 
remains of 1.98-million-year- 
old Australopithecus sediba 
from Malapa, South Africa, 
contribute to our understand- 
ing of this evolutionary transi- 
tion. Whereas other aspects 
of their postcranial anatomy 
evince mosaic combinations 
of primitive (australopith-like) 
and derived (Homo-like) features, the upper limbs (excluding the hand and 
wrist) of the Malapa hominins are predominantly primitive and suggest the 
retention of substantial climbing and suspensory ability. The use of the fore- 
limb primarily for prehension and manipulation appears to arise later, likely 
with the emergence of Homo erectus. 


>> Read the full article at http://dx.doi.org/10.1126/science.1233477 


Mosaic Morphology 
in the Thorax of 
Australopithecus sediba 


Peter Schmid,**** Steven E. Churchill,>? Shahed Nalla,** 
Eveline Weissen,* Kristian J. Carlson,*** Darryl J. de Ruiter,*° 
Lee R. Berger® 

*Corresponding author. E-mail: smidi@aim.uzh.ch 


The shape of the thorax of early 
hominins has been a point of 
contention for more than 30 
years. Owing to the generally 
fragmentary nature of fossil 
hominin ribs, few specimens 
have been recovered that have 
rib remains complete enough 
to allow accurate reassembly 
of thoracic shape, thus leav- 
ing open the question of when 
the cylindrical-shaped chest of 
humans and their immediate 
ancestors evolved. The ribs of 
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CREDITS: (LEFT) DE RUITER ET AL. ; (TOP RIGHT) CHURCHILL ET AL. ; (BOTTOM RIGHT) SCHMID ET AL. 


Australopithecus sediba exhibit a mediolaterally narrow, ape-like upper 
thoracic shape, which is unlike the broad upper thorax of Homo that has 
been related to the locomotor pattern of endurance walking and running. 
The lower thorax, however, appears less laterally flared than that of apes 
and more closely approximates the morphology found in humans. 


full ar y/10.11 


The Vertebral Column 
of Australopithecus sediba 


Scott A. Williams,’*"* Kelly R. Ostrofsky,? Nakita Frater,? 
Steven E. Churchill,>°? Peter Schmid,?*> Lee R. Berger® 
*Corresponding author. E-mail: sawilliams@nyu.edu 


Two partial vertebral columns of Aus- 
tralopithecus sediba grant insight 
into aspects of early hominin spinal 
mobility, lumbar curvature, verte- 
bral formula, and transitional verte- 
bra position. Au. sediba likely pos- 
sessed five non-rib-bearing lumbar 
vertebrae and five sacral elements, 
the same configuration that occurs 
modally in modern humans. This 
finding contrasts with other inter- 
pretations of early hominin regional 
vertebral numbers. Importantly, the 
transitional vertebra is distinct from 
and above the last rib-bearing ver- 
tebra in Au. sediba, resulting in a 
functionally longer lower back. This 
configuration, along with a strongly 
wedged last lumbar vertebra and 
other indicators of lordotic posture, 
‘ould have contributed to a highly 
flexible spine that is derived com- 
pared with earlier members of the 
genus Australopithecus and similar 
to that of the Nariokotome Homo 
erectus skeleton. 


= 


fulla 


@J See all of Science's 

=m Australopithecus 
sediba coverage, 
including News, 
Research, and 
Multimedia, at 
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The Lower Limb and 
Mechanics of Walking 
in Australopithecus sediba 


Jeremy M. DeSilva,*”>* Kenneth G. Holt,?® Steven E. Churchill,>’ 
Kristian J. Carlson,** Christopher S. Walker,’ Bernhard Zipfel,>” 
Lee R. Berger? 

*Corresponding author. E-mail: jdesilva@bu.edu 


The discovery of a relatively complete Australopithecus 
sediba adult female skeleton permits a detailed loco- 
motor analysis in which joint systems can be integrated 
to form a comprehensive picture of gait kinematics 
in this late australopith. Here, we describe the lower 
limb anatomy of Au. sediba and hypothesize that this 
species walked with a fully extended leg and with an 
inverted foot during the swing phase of bipedal walk- 
ing. Initial contact of the lateral foot with the ground 
resulted in a large pronatory torque around the joints 
of the foot that caused extreme medial weight transfer 
(hyperpronation) into the toe-off phase of the gait cycle 
(late pronation), These bipedal mechanics are different 
from those often reconstructed for other australopiths 
and suggest that there may have been several forms of 
bipedalism during the Plio-Pleistocene. 
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An Expanding Color 
Palette for Biotechnology 


In This Issue 

Think of any multiplexed biological technique. RT-F 

sequencing. Flow cytometry. Microscopy. All work on different 
principles. Yet all have one common factor: fluorescence. The 
ever-expanding variety of fluorescent molecules, nanopar- 
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Joel D. Irish,’* Debbie Guatelli-Steinberg,” Scott S. Legge, Darryl J. de Ruiter,*> Lee R. Berger? 


To characterize further the Australopithecus sediba hypodigm, we describe 22 dental traits in specimens 
MH1 and M2. Like other skeletal elements, the teeth present a mosaic of primitive and derived 
features. The new nonmetric data are then qualitatively and phenetically compared with those in 
eight other African hominin samples, before cladistic analyses using a gorilla outgroup. There is some 
distinction, largely driven by contrasting molar traits, from East African australopiths. However, 

Au. sediba tinks with Au. africanus to form a South African australopith clade. These species present 
five apomorphies, including shared expressions of Carabelli’s upper first molar (UM1) and protostylid 
lower first molar (LM1). Five synapomorphies are also evident between them and monophyletic 
Homo habilis/rudolfensis + H. erectus. Finally, a South African australopith + Homo clade is supported 
by four shared derived states, including identical LM1 cusp 7 expression. 


iven their propensity to outlast other hard 
G= teeth provide sizable, although 
restricted, data sets to define and charac- 
terize fossils. Thus, when alternative remains are 
available, as with Australopithecus sediba (1), 
the focus shifts readily to elements that give in- 
sight into hominin abilities such as cognition (2), 
manipulation (3, 4), parturition (5), and locomo- 
tion (5-9). Still, teeth have three key attributes 
that permit a singular perspective on hominins 
and their origins. First, crowns come into actual 
contact with the environment, so that direct in- 
ferences can be made about diet and certain be- 
haviors (/0). Second, because teeth preserve their 
record of incremental growth, a fine-grained under- 
standing about the pace of hominin life histories 
is possible (//). Third, their high genetic compo- 
nent, among other features in expression (/2), 
facilitates phylogenetic interpretations. Focusing 
on the latter attribute, we describe 22 nonmetric 
crown and root traits. These descriptions are then 
contrasted with those of six fossil and two recent 
hominin samples. Finally, after coding characters 
across these samples and an outgroup for cladis- 
tic analysis, we present additional phylogenetic 
information concerning this 1.977 million-year-old 
(73) South African australopith. 
Some dental data in Au. sediba have been 
presented (/, /4). However, many of those char- 
acters are unique to Plio-Pleistocene hominins 
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(/5-17). The traits used here are from the Arizona 
State University Dental Anthropology System 
(ASUDAS) (/8), most of which are expressed 
in modem and fossil hominins, plus various other 
primates. Traits in the ASUDAS are highly heri- 
table and minimally affected by sexual dimor- 
phism, among other attributes (/2). Further, as 
“minor” variants they should be little affected by 
selection, and pairwise correlations are negligi- 
ble (/8, 79). A lack of selection would reduce 
potential homoplasy (/2). Low or no correlations 
address character redundancy that would bias cla- 
distic analyses; this issue is crucial for molar traits, 


given the identified linkage, albeit minor, between 
accessory cusp formation and intercusp spacing 
and crown size (20). Only low intertrait correla- 
tions were detected for the present traits (/2). 

We inspected >340 fossil and 4571 recent 
hominin specimens retaining teeth, along with 44 
gorilla dentitions; recording of the requisite traits 
(/2) yielded the samples presented herein. The 
Au. sediba dental remains derive from MH1, a ju- 
venile male, and MH2, an adult female (/). Data 
from the fossil comparative samples were collected 
in original specimens and 11 high-resolution casts 
(table $1) (27, 22). The east African australopith 
sample consists of Au. anamensis and Au. afarensis. 
Shared ASUDAS expression in these two time- 
successive species permitted pooling [see (2/)] 
so as to most comprehensively characterize the 
Australopithecus genus in this region. Homo 
habilis/rudolfensis includes specimens assigned 
by some to different, albeit contemporaneous, 
species that also share ASUDAS expression. Sim- 
ilarly, H. erectus (also known as ergaster) includes 
specimens from what some maintain are differ- 
ent species (23). The remaining samples com- 
prise Au. africanus, Paranthropus robustus, and 
P. boisei. The rationale to assign specimens to 
species is presented elsewhere (2/, 22). In brief, 
sample composition is based on a majority con- 
sensus of researchers, while maximizing charac- 
terization for comparative purposes. 

The recent hominin samples consist of post- 
Pleistocene H. sapiens from sub-Saharan (n = 
2309) and North Africa (n = 2262) (24-26). 
Crown data in Gorilla gorilla were recorded in a 
collection from Cameroon; root descriptions are 
extrapolated from published sources (27, 28). The 


Table 1. ASUDAS traits, grades, and descriptions in Australopithecus sediba specimens. 


MH1 MH2 

Labial curvature UI1 2: Weak convexity 

Shovel UI1 1: Faint lingual ridges 

Double shovel UI1 0: No labial ridges 

Bushman canine UC 0: Mesial and distal ridges same size 

Distal accessory ridge UC 0: Absent 

Root no. UP1 2: Two roots 

Carabelli’s cusp UM1 4: Large depression (possible cusp)* 

Cusp 5 UM1 1: Faint cuspule 

Enamel extension UM1 0: Enamel border straight 

Hypocone UM2 4: Large cusp 

UM3 agenesis 0: Absent (tooth present) 

Tome’s root LP1 5: Two free roots 5: Two free roots 

Lingual cusp no. LP2 5: Two, distal larger than mesial 

Anterior fovea LM1 2: Weak expression 

Cusp no. LM1 5: Hypoconulid present 5: Hypoconulid present 

Protostylid LM1. 4: Pronounced secondary groove >1: Likely present, but expression 
uncertain 

Cusp 7 LM1 2: Small* >1: Likely present, but expression 
uncertain 

Root no. LM1 2: Two 2: Two 

Groove pattern LM2 Y: Cusps 2 and 3 touch Y: Cusps 2 and 3 touch 

Cusp no. LM2 5: Hypoconulid present 5: Hypoconulid present 

Root no. LM2 2: Two 2: Two 

Torsomolar angle LM3 0: No crown rotation 0: No crown rotation 


*Estimated from worn or damaged tooth and/or interpolated from alternate member of same tooth class. 
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Fig. 1. Maximum parsimony cladogram 
of gorilla outgroup and nine hominin 
samples based on ASUDAS characters. 
Numbers are from a separate, although 
analogous 50% majority consensus tree 
of 10,000 bootstrapped replicate data sets; 
they represent the proportion of included 
trees that support the given node. SSA, 
sub-Saharan Africans; NAF, North Africans. 
See text for all methods employed and sam- 
ple compositions. 


48 


latter species is used as an outgroup for cladistic 
analysis, which is appropriate given that it and Pan 
are the closest extant relatives of hominins (/5). 

Twenty-two traits that could be recorded in 
the two Au. sediba specimens, their ASUDAS 
grades, and expressions in the species are listed 
in Table 1. Comprehensive trait and grade def- 
initions are available elsewhere (/8, /9). Sim- 
ilar descriptions and character states for the 
cladistic analysis are listed in Table 2 for all sam- 
ples. In this table, state values replicate ASUDAS 
grades, with one exception. The ASUDAS grade 
range of 0 to 7 for Carabelli’s upper first molar 
(UM1) was increased to 0 to 8, with definitions 
(79) shifted up for each value to account for the 
gorilla cingulum variant (now given a value of 0); 
grade 0 is treated here as the primitive state, al- 
though not all researchers may concur. This mod- 
ification accounts for the change in Au. sediba 
Carabelli’s values (from 4 to 5) between tables. 

Fourteen of 22 character states are identical 
between Au. sediba and east African australopiths. 
The count between Aw. sediba and Au. africanus 
is 15, and both are similar for a 16th state (proto- 
stylid lower first molar, LM1). All Australopithecus 
hypodigms are somewhat similar, but the South 
African taxa are notably alike for lower molar 
cusp number, size, and pattern expression. Aus- 
tralopithecus sediba has 15 states in common 
with H. habilis/rudolfensis, and 13 of 21 with 
H. erectus; it is less akin to recent H. sapiens and 
is distinct from Paranthropus—owing to the latter’s 
mass-additive molar morphology. Shared states 
among other species are also instructive; for ex- 
ample, Au. africanus shares additional ASUDAS 
traits with early Homo. The most expeditious way 
to present these links is with a dendrogram (fig. 
S1), where an Au. sediba/Au. africanus group is 
adjacent to an early/later Homo cluster, and east 
African australopiths and Paranthropus are more 
distant. Of course, character states of these traits 
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G. gorilla 


East Afr. Australopith 
P. boisei 

P. robustus 

Au. sediba 

Au. africanus 

H. habilis/rudolfensis 
H. erectus 

H. sapiens (SSA) 


H. sapiens (NAF) 


were not determined for this phenetic com- 
parison; some are symplesiomorphic, so results 
should be interpreted with caution. 

Both primitive and derived dental features are 
present in Au. sediba. The former, like many 
hominins including Au. africanus, includes two- 
rooted upper third premolar (UP3), hypocone 
UM2, UM3 presence, Tome’s root lower third 
premolar (LP3), two-rooted LM1, two-rooted 
LM2, five-cusped LM1, five-cusped LM2, and 
LM2 Y-groove. The last three traits in east Af- 
rican australopiths often include six cusps for LM1 
and LM2, and some occurrence of an X-groove 
pattern (below). Derived traits in Au. sediba in- 
clude a decrease in labial curvature upper first 
incisor (UI), slight UI] shoveling, and increases 
in Carabelli’s UM1, LM1 protostylid, and LM1 
cusp 7 expression (fig. S2). Other derived dental 
features, including overall size reduction and a 
specific decrease in size and complexity of the 
canine and posterior teeth, are detailed elsewhere 
(/, 14). 

Numeric states in Gorilla, Au. sediba, and the 
comparative samples were next submitted for cla- 
distic analysis with PAUP 4.0b10 (29). Coding 
of binary and multistate characters emulates a 
standard approach in the above (/, /5—/7) and 
other systematic studies. Polarity was determined 
via rooting of the outgroup, and all characters were 
treated as ordered and of equal weight. Wagner 
parsimony and the branch and bound method 
were used to identify optimal cladograms. Of the 
22 characters, root number LM1 is constant, and 
three were deemed parsimony-uninformative (dou- 
ble shovel UI, UM3 agenesis, and root number 
LM2); the expression of all four represents the 
primitive condition. The remaining 18 traits yielded 
one cladogram (Fig. 1) with a tree length of 76, 
consistency index of 0.62, retention index of 0.48, 
and rescaled consistency index of 0.3 [interpre- 
tation in (/2)]. 
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In parallel with the phenetic findings, Au. 
sediba is depicted as a sister species of Au. 
africanus to form a South African australopith 
clade. These species share five apomorphies: (i) 
weak labial curvature UII; (ii) faint shovel UII 
(both are parallel with the east African australo- 
piths, Paranthropus, and Homo clades); (iii) large 
depression-to-cusp Carabelli’s UM1 (parallel with 
P. robustus and North African H. sapiens); (iv) 
trace-small cusp protostylid LM1; and (v) small 
cusp 7 LMI (parallel with H. habilis/ rudolfensis + 
H. erectus clade and sub-Saharan African H. 
sapiens). Synapomorphies between the South 
African gracile australopiths and monophyletic 
H. habilis/rudolfensis + H. erectus include (i) 
weak labial curvature UI]; (ii) faint shovel UI 
(both parallel with the east African australopiths, 
Paranthropus, and H. sapiens); (iii) faint distal 
accessory ridge UC (parallel with H. sapiens); (iv) 
>2 root number UP3; and (v) small cusp 7 LM1 
(parallel with sub-Saharan African H. sapiens). A 
South African australopith + Homo clade is sup- 
ported by four shared derived states: (i) weak 
labial curvature UI, (ii) faint shovel UI (both 
parallel with east African australopith and 
Paranthropus), (iii) faint distal accessory ridge 
UC, and (iv) small cusp 7 LM1. 

Although the focus is on Au. sediba, the 
remaining clades are defined by characters of 
interest as well, and warrant brief mention, i.e., 
H. habilis/rudolfensis + H. erectus (e.g., Carabelli’s 
cusp UM1), Homo sapiens (e.g., Bushman canine), 
and east African australopiths + Paranthropus. 
The latter grouping is seemingly nonintuitive but 
not unique; comparable classifications were iden- 
tified using a wide range of characters (30, 3/). 
Here, Paranthropus and, as noted, the east Afri- 
can australopiths—especially Au. afarensis, are 
characterized by some unique molar states such 
as trace-small cuspule for cusp 5 UM1, six- 
cusped LM1, absent-pit protostylid LM1, absent 
cusp 7, and six-cusped LM2. These shared ex- 
pressions were reported elsewhere (/2, 22) and 
were suggested to be symplesiomorphies and/or 
homoplasies. 

A 50% majority-rule consensus tree of 10,000 
bootstrapped replicate data sets was used to as- 
sess the stability of all clades; it is analogous to 
the maximum parsimony cladogram, so percent- 
ages of included trees supporting each clade were 
simply added to Fig. 1. Overall, the location of 
Au. sediba + Au. africanus at the stem of the Homo 
clade corresponds well with prior phylogenetic 
findings using >60 craniodental characters (/), 
which suggested that Au. sediba was derived 
from Au. africanus. This proposal is sustained 
here. Berger et al. (/) also stated that Au. sediba 
is more derived toward Homo than are east 
African australopiths and Au. africanus; as such, 
A. sediba may represent (i) a sister group to a 
later ancestor that was an initial contempora- 
ry of early Homo, or (ii) a candidate ancestor 
to the latter genus (/). Both scenarios are sup- 
ported, although, at least for these new data, Au. 
africanus does share additional ASUDAS traits 
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with early Homo; as such, Fig. | and the study’s 
(/) 60-character cladogram differ in that the latter 
depicts Au. africanus as more distant than Au. 
sediba from the Homo clade. 

The conclusions from the dental data presented 
here concur with those derived from the virtual 
brain endocast, and hand, spine, pelvis, foot, and 
ankle elements of Au. sediba (2-7); each area 
presents a mosaic of primitive and derived char- 
acters that, assuming they are homologies, is not 
unexpected in a transitional species or one that, 
minimally, reflects a close phyletic relationship 
with Homo (5). Moreover, with regard to east Af- 
rican australopiths, it is possible that disparity 
in expression of molar states with their southern 
counterparts is also paralleled by other elements; 
differences in the foot, for example, prompted 
Zipfel et al. (6) to remark that an ancestor- 
descendant relationship between Au. afarensis 
and Au. sediba is unlikely or, if it existed, would 
have required several evolutionary reversals. 

Although the phylogenetic place of Au. sediba 
has not been settled, the dental data serve to 
further define its position relative to other gen- 
era. It is distinct from Au. afarensis, close to 
Au. africanus and, along with the latter, shares 
a number of apomorphies with Homo. The rela- 
tionship to H. habilis/rudolfensis had been sug- 
gested to reflect an adaptive evolution some two 
million years ago toward a definitive Homo grade 
(73); that is, Au. sediba could just as likely be 
the candidate ancestor of H. erectus as that 
of the majority consensus H. habilis and/or 
H. rudolfensis (13). However, determination of 
which taxon (or taxa) led to Homo erectus is, at 
present, not explicitly demonstrable. The diffi- 
culty is, to paraphrase Pickering et al. (/3), under 
an assumption of substantial homoplasy, to dis- 
cem phylogenetic affinities in such closely related 
species based on so few remains. Only recovery of 
additional Au. sediba and other Plio-Pleistocene 
remains can fill in the missing pieces of this evo- 
lutionary puzzle. 
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Mandibular Remains Support 
Taxonomic Validity of 
Australopithecus sediba 


Darryl J. de Ruiter,”* Thomas J. DeWitt,? Keely B. Carlson,’ Juliet K. Brophy,” 
Lauren Schroeder,® Rebecca R. Ackermann,° Steven E. Churchill,” Lee R. Berger” 


Since the announcement of the species Australopithecus sediba, questions have been raised 

over whether the Malapa fossils represent a valid taxon or whether inadequate allowance was made 
for intraspecific variation, in particular with reference to the temporally and geographically 
proximate species Au. africanus. The morphology of mandibular remains of Au. sediba, including 
newly recovered material discussed here, shows that it is not merely a late-surviving morph of 
Au. africanus. Rather—as is seen elsewhere in the cranium, dentition, and postcranial skeleton—these 
mandibular remains share similarities with other australopiths but can be differentiated from the 
hypodigm of Au. africanus in both size and shape as well as in their ontogenetic growth trajectory. 


andibular remains are well represented 
M: the hominin fossil record and have 
been included among the holotypes of 
numerous early hominin taxa, including Austra- 
lopithecus sediba from Malapa (/, 2). The sug- 
gestion (3—5) that insufficient consideration was 
given to intraspecific variation when Au. sediba 
was diagnosed as a discrete taxon can be further 
investigated by using recently recovered mandib- 
ular remains. Most notable among these are two 
conjoined fragments, UW88-128 and UW88-129, 
that can be refit to the previously published man- 
dibular specimen UW88-54 (/) to form a near com- 
plete right hemi-mandible with complete dentition 
of an adult individual, Malapa Hominim 2 (MH2) 
(Fig. 1). These new portions allow us to examine 
the premolar and M, regions of the mandibular 
corpus of an adult probable female of Au. sediba 
and provide a first look at the mandibular incisors 
and premolars of this taxon. In addition, we can 
now directly compare the mandibular canines of 
probable male and female individuals of Au. sediba. 
As is seen in the cranium and postcranial skel- 
eton of Au. sediba (/, 6-14), the reassembled 
mandible of MH2 exhibits a mosaic of morpho- 
logical characters that align it with specimens at- 
tributed to both Australopithecus and early Homo. 
For instance, the mandible of MH2 shares with 
Au. africanus such features as a moderately de- 
veloped lateral prominence, moderately developed 
lateral superior and marginal tori, weakly de- 
lineated anterior and posterior marginal tubercles, 
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a well-developed ectocondyloid buttress, and a 
well-developed lateral eminence of the ramus. 
However, it differs from Au. africanus and resem- 
bles specimens of early Homo by evincing relief 
between the alveolar prominence and the sub- 
alveolar fossa; possessing a small, steeply in- 
clined postincisive planum; and revealing weakly 
developed endocoronoid and endocondyloid 
buttresses, which result in a triangular planum that 
is ill-defined along its inferior extent (/5). How- 
ever, gross morphology in hominin mandibles 
tends to be variable, as is seen in a direct compar- 
ison of MHI and MH2; thus, we turn to size and 
shape analyses of mandibular corpora to assess 
the taxonomic validity of Au. sediba. 

Linear dimensions of mandibular corpora have 
been shown to be taxonomically informative with- 
in fossil representatives of the genus Homo (2). In 
absolute measures, the mandibular corpus of MH2 
is slightly taller and narrower than that of MH1 
(Fig. 2 and table S1). There is considerable over- 
lap in mandibular corpus height between Au. 
afarensis, Au. africanus, Au. sediba, H. habilis, 
H. erectus, and even H. sapiens. The corpus of 
MHL is narrower than Au. africanus at the level 
of the P,; it overlaps with the lower end of the 
range of Au. africanus at the level of the M,, al- 
though only a single specimen of Au. africanus, 
the otherwise large-toothed Stw 498, is narrower. 
MHL overlaps with H. habilis and H. erectus in 
width at the level of the P, and M,, although again 
plotting near the lower end of the range of both 
taxa. The newly reassembled mandible of MH2 
is narrower still than MH1 at the level of the Py 
and M,, plotting below the range for Aw. africanus, 
H. habilis, and H. erectus; it appears among the 
narrowest in the African hominin fossil record. 
Calculating corpus cross-sectional area by using 
the formula for an ellipse, MH1 and MH2 have 
similar values at the level of both the P4 and Mj. 
The cross-sectional areas of the mandibular corpora 
of Au. sediba are small at the level of the P4 and 
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M,, plotting at or below the lowest end of the range 
of values for Au. africanus and within the ranges of 
H. habilis and H. erectus. In linear dimensions, 
mandibular corpus width—and to a lesser extent 
cross-sectional area—thus appear useful for dis- 
criminating Au. sediba from Au. africanus and 
for aligning the former taxon with specimens at- 
tributed to early Homo. This is particularly the case 
with the adult specimen MH2. 

To better understand the nature of differen- 
tiation between early hominin taxa in both size 
and shape of mandibular corpora, we replicated 
the approach of Lague and colleagues (2) using 
specimens attributed to species of Australopithecus 
and early Homo in Africa and Georgia (/5). Seven 
of the eight measures originally used (2) could 
be replicated in the reassembled mandible of MH2 
and form the basis of our analyses. Randomiza- 
tion of “distinctness values” (RDV) (2, /6) reveals 
that within-group variance is less than between- 
group variance; thus, it appears that the mandibles 
of Australopithecus and Homo that we examined 
do indeed reflect a taxonomic signal. We therefore 
investigated the size and shape of the mandibular 
corpus of Au. sediba in relation to other hominins. 
We performed a multivariate analysis of variance 
(MANOVA) (/5), the overall results of which can 
be visualized as a plot of between-group dif- 
ferences, scaled to within group variances (Fig. 
3A). The major result illustrated in this plot is 
that H. sapiens are clearly distinct from early 
hominins, especially the robust australopiths, 
whereas Au. sediba clusters with the nonrobust 
australopiths and early Homo. This major axis 
indicates that human mandibles are small over- 
all, have relatively narrow corpora, and relative- 
ly mesiodistally (MD) elongated (though small 
overall) canine alveoli (table S2). 

Among the early hominins, Au. sediba most 
closely matches this pattern. A planned contrast 
within the MANOVA results explicitly compar- 
ing Au. sediba and Au. africanus revealed a sig- 
nificant difference between them (F.23 = 2.55, 
P = 0.037). The difference between these two 
taxa primarily involved the smaller overall size 
of the mandible, the relatively deeper mandib- 
ular corpus, and the relatively MD elongated pre- 
molar row in Au. sediba when compared with 
that of Au. africanus (table $3). In other words, the 
mandibles of Au. sediba are not only scaled dif- 
ferently than those of Au. africanus, they are also 
shaped differently. Removal of humans from the 
ordination resulted in a primary axis that princi- 
pally defined differences between the robust austra- 
lopiths and the remaining early hominins (Fig. 
3B). However, the secondary axis—approximate- 
ly one-third the magnitude of the first-—separated 
Au. sediba clearly from all other early hominins 
(planned contrast, P= 0.034). This effect was due 
to Au. sediba having a relatively MD elongated 
canine alveolus (table S3). Excluding size as a 
variable results in ordinations similar to those in 
Fig. 3, demonstrating that size is not unduly in- 
fluencing the analysis (fig. $1). 
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Australopithecus sediba 


The mandibular molars of Au. sediba were 
recorded as being small, similar to specimens at- 
tributed to early Homo (/), and we now have 
data on the remaining mandibular dentition from 
MH? (figs. S2 and S3). Although the incisors of 
MH2 are too worn to reliably reconstruct their 
mesiodistal (MD) MD lengths, the buccolingual 
(BL) breadth of the I, plots at the lowest end of 
the range of Au. africanus and H. erectus but 
within the range of Au. robustus and H. sapiens. 
The BL breadth of the I, plots at the lowest end 
of the range of Aw. africanus, but within the range 
of Au. robustus, Au. boisei, H. erectus, and H. 
sapiens. The only specimen of Au. africanus that 
overlaps with MH2 in the BL breadth of both in- 
cisors is Stw 151, a specimen described as more 
derived toward Homo than are the remainder of 
the Sterkfontein Member 4 sample (/7). As in 
MHI (/), the MD length of the canine of MH2 is 
small, plotting below the range for Au. africanus 
and H. habilis, and within the range of H. erectus 
and H. sapiens. In BL breadth, the canine of MH1 
plots near the lowest end of the range for Au. 
africanus and close to the mean for H. habilis and 
H. erectus, whereas the canine of MH? falls below 
the range of these early Homo taxa as well as Au. 
africanus. Indeed, the canine of MH2, and to a 
lesser extent of MH1, is among the smallest in the 
hominin fossil record. Likewise, the premolars 
of MH2 are small and generally plot at or be- 
low the lower end of the ranges seen in Au. 
africanus and H. habilis, appearing especially 
MD shortened; where the Py of Au. sediba over- 
laps with Au. africanus, only a single specimen 
attributed to Au. africanus, Stw 112, appears 
smaller than MH2. Conversely, the premolars of 
Au. sediba plot within the ranges of H. erectus 
and H. sapiens dentitions. 

The shape of the premolars is also diagnostic; 
occlusal outline analysis of both the P; and the 
P, by using elliptical function Fourier analysis 
(EFFA) positions them as outliers relative to both 
Au. africanus and Au. robustus, demonstrating that 
these teeth differ in both size and shape from 
other South African australopiths (fig. $4) (/5). 
Although the complete dentition of MH2 appears 
small in size similar to that of Homo, it shares with 
Australopithecus a pattern of increasing tooth size 
along the molar row (fig. S5). 

Using mandibular molars, it was originally 
estimated that the dentition of MH1 was between 
8.1 and 10.7% larger than that of MH2 (/). We 
can now extend this to include canines: The ca- 
nine of MHI is ~9.6% larger than the canine of 
MH2 in MD length and ~20.0% larger in BL 
breadth. Converting this to a square root of the 
basal crown area, the canine of MH1 is ~15% 
larger than that of MH2. This can be compared 
with canine dimorphism levels derived for other 
hominins by using the “mean” method of esti- 
mation (/5, 18). With a value of 1.15, Au. sediba 
is intermediate between taxa such as Au. afarensis 
(1.21) and Au. boisei (1.21) on the one hand and 
taxa such as Au. africanus (1.11), Au. robustus 
(1.11), H. erectus (1.13), and H. sapiens (1.07) 
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on the other. Although the “mean” method tends 
to overestimate dimorphism in fossil species 
for which sex is generally unknown (/8), with 
probable male and female individuals Au. sediba 
provides a known sample. Sample sizes are 
small for the hominin taxa, although these data 
nonetheless serve to highlight the dimorphism 
evident in the otherwise small canines of Au. 
sediba. Although the canines of Aw. sediba are 
small and lack the diagnostic lingual relief seen 
in Au. africanus, a pattern shared with early 
Homo, they reveal a degree of canine dimor- 
phism that approaches levels seen in several 
other australopith taxa and that is also close to 
that of H. erectus. 
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Last, we tested whether Au. sediba shares 
a common pattern of development with Au. 
africanus using Euclidean distance matrix anal- 
ysis (EDMA) (/5). We examine the ontogeny of 
mandibular shape in the fossil species Au. sediba, 
Au. africanus, and H. erectus and in the extant 
species H. sapiens and Pan troglodytes. Juvenile 
samples are roughly the same developmental age 
as MHI (pre-M; eruption), and therefore by ne- 
cessity this comparison captures only one stage 
of development. EDMA was performed on mean 
forms of extant samples and on individual fossil 
juvenile and adult specimens as representatives 
of their respective species (table $4) (19-22). 
In addition, simulated hypothetical juvenile Au. 


UW88-129 


UW88-128 


Fig. 1. Right hemi-mandible of adult probable female individual MH2 from Malapa. Conjoined 
fragments UW88-128 and UW88-129 refit to UW88-54 in (A) occlusal view, (B) medial view, and (C) 
lateral view. The coronoid process is truncated because of damage. Scale bar, 5 cm. 
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Fig. 2. Mandibular corpus mea- 
sures of Au. sediba compared 
with other early hominin taxa. 
(A) Corpus height at P,. (B) Corpus 
width at P,. (C) Corpus area at P, 
computed by using the formula for 
an ellipse [m(height/2) * (width/2)]. 
(D) Corpus height at M,. (E) Corpus 
width at M,. (F) Corpus area at M, 
computed by using the formula for 
an ellipse [m(height/2) * (widthv2)]. 
Measures for Au. afarensis, Au. 
boisei, H. habilis, H. rudolfensis, 
and H. erectus specimens are from 
(23-25); measures of Au. africanus, 
Au. sediba, Au. robustus, and H. 
sapiens specimens were taken by 
D.J.d.R. on original materials. 
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sediba forms were created by using species-specific 
growth patterns derived from Au. africanus and 
H. erectus in order to explore the effect of these 
respective growth patterns when applied to Au. 
sediba (15). The overall EDMA results can be vi- 
sualized in a principal coordinates plot (PCOORD) 
(Fig. 4) and show that Aw. sediba displays a pat- 
tern of growth that differs from Au. africanus, 
P. troglodytes, and H. sapiens [further discussion 
is available in (/5)]. Rather, the growth pattern 
of Au. sediba is most similar to H. erectus. Au. 
sediba also differs in magnitude of growth from 
Au. africanus and H. erectus as well as both of the 
extant taxa (Fig. 4). Because these data are scaled 
to facilitate cross-species comparisons, the mag- 
nitude of change should be interpreted as the mag- 
nitude of shape change during growth rather than 
absolute size. Additionally, the simulated hypo- 
thetical juvenile forms and their associated growth 
trajectories further support a distinction between 
mandibular growth in Au. sediba versus both fossil 
hominin species [further discussion is available 
in (/5)], with neither a H. erectusike nor an Au. 
africanus—like pattem or magnitude of growth re- 
sulting in simulated final juvenile forms similar 
to the actual MH1 juvenile, which further suggests 
that ontogenetic change in the mandible of Au. 
sediba is unique. 

The small size of the newly recovered man- 
dibular corpus of Au. sediba—combined with its 
reduced dentition, in particular of the canines and 
premolars—separate it from its otherwise close 
morphological affinity, Au. africanus. The distinc- 
tion between Au. sediba and Au. africanus extends 
to more than just a size difference; the two taxa 
differ in shape as well, with Au. sediba possessing 
a relatively smaller and deeper corpus, and a rel- 
atively elongated premolar row when compared 
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Fig. 3. Visualization of the first two canonical axes from the MANOVA on form. (A) Including 
humans. (B) Excluding humans. Details of canonical plot interpretation are available in the text, 
and computation is available in supplementary text S1. Measures for Au. afarensis, Au. boisei, H. 
habilis, H. rudolfensis, and H. erectus specimens are from (23-25); measures of Au. africanus, Au. 
sediba, Au. robustus and H. sapiens specimens were taken by D.J.d.R. on original materials. Plot aspect 
ratio indicates the relative magnitude (eigenvalues) of the respective canonical axes. 


with those of Au. africanus. Likewise, the pre- 
molars of Au. sediba differ in occlusal outline shape 
from those of Au. africanus and Au. robustus, 
plotting as distinct outliers relative to the South 
African australopiths. The divergent growth tra- 
jectory of Au. sediba compared with those of 
both extant and fossil taxa further highlights 
the singular nature of the mandible of Au. sediba. 
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We interpret these substantial size and shape dif- 
ferences as upholding the taxonomic distinction 
initially proposed for Au. sediba (/), in particular 
as compared with specimens of Au. africanus. 
And where the Au. sediba mandibles differ from 
those of Au. africanus, they appear most similar 
to representatives of early Homo in both size 
and shape. 
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Fig. 4. Ontogenetic trajectories of mandibular shape variability for Au. sediba (MH1,MH2), 
Au. africanus (A,a), H. erectus (E,e), H. sapiens (H,h), P. troglodytes (C,c), and two simulated 
trajectories for Au. sediba (S-A,S-E). Upper- and lowercase labels indicate adults and juveniles, re- 
spectively, and are connected by a line that indicates a “growth trajectory” in shape space. Black dotted lines 
denote simulated growth trajectories connecting MH2 with “hypothetical” juvenile forms. Details of interpre- 
tation are available in the text. Details of the samples and analysis can be found in (25). Linear measurements 
for all specimens are derived from laser surface scans taken by L.S. and K.B.C. on original material. 
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The Upper Limb of 


Australopithecus sediba 
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The evolution of the human upper limb involved a change in function from its use for both 
locomotion and prehension (as in apes) to a predominantly prehensile and manipulative role. 
Well-preserved forelimb remains of 1.98-million-year-old Australopithecus sediba from Malapa, 
South Africa, contribute to our understanding of this evolutionary transition. Whereas other aspects 
of their postcranial anatomy evince mosaic combinations of primitive (australopith-like) and derived 
(Homo-like) features, the upper limbs (excluding the hand and wrist) of the Malapa hominins are 
predominantly primitive and suggest the retention of substantial climbing and suspensory ability. The 
use of the forelimb primarily for prehension and manipulation appears to arise later, likely with the 


emergence of Homo erectus. 


aleoanthropological fieldwork in Africa and 
Pes Asia continues to enhance the fos- 
representation of Plio-Pleistocene hominin 

upper limb remains (/—7). Improvement in this 
record has fostered a new appreciation for var- 
iability in hominin forelimb morphology and 
limb proportions but has at the same time raised 
new issues about the locomotor and manipula- 
tive behavior of various species of Australopithecus 
and early Homo. One area of current uncertainty 
involves the functional and phylogenetic impor- 
tance of variation within the genus Australo- 
pithecus. Compared with the earlier species Au. 
anamensis and Au. afarensis, limb and joint pro- 


Fig. 1. Malapa upper limb elements 
in anterior view (unless otherwise 
noted). MH1: UW88-1 right clavicle 
(superoanterior view); UW88-34, 42, 
and 88 right humerus; UW88-36 left 
humerus; UW88-3 right ulna; and 
UW88-12 right radial epiphysis (distal 
view). MH2: UW88-172 manubrium, 
UW88-38 right clavicle (superoanterior 
view), UW88-94 left clavicle (supero- 
anterior view), UW88-56 right scapula, 
UW88-103 left scapular acromion, 
UW88-104 left scapular glenoid fossa 
(lateral view), UW88-197 left scapular 
body fragment, UW88-57 right humerus, 
UW88-101 left humerus, UW88-62 right 
ulna, and UW88-85 right radius. 


& 


uwss3 


uwes-12 


www.sciencemag.org SCIENCE VOL 340 


portions in Au. africanus reflect a more ape-like 
morphology and possibly a greater degree of 
arboreality (8, 9). The same may be true of post- 
cranial material attributed to H. habilis (/0, 11), 
although the fragmentary condition of the rep- 
resentative specimens prevents definitive conclu- 
sions (/2—/4), as does the possibility that th 
two partial skeletons do not represent H. habilis 
(7). In addition, a 2.5-million-year-old partial skel- 
eton that may represent Au. garhi is said to evince 
derived, Homo-like interlimb proportions (i 
relative elongation of the lower limb) coupled with 
ike brachial (forearm to arm) proportions 
that are more primitive than seen in earlier Au. 


ape: 


uwss-85 — Uwss-62 
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afarensis (15). There thus appears to have been 
considerable evolvability in hominin limb pro- 
portions (/6), likely involving substantial paral- 
lelism as well as evolutionary reversals, making it 
difficult to identify the immediate morphological 
precursors to the human-like proportions seen in 
early H. erectus (4, 17, 18). 

A second open question concems the func- 
tional meaning of morphological variation within 
Au. afarensis. Two relatively complete scapulae 
of this species have recently been discovered in 
Ethiopia, one representing a 3.3-million-year-old 
juvenile from Dikika (DIK-1-1) (3, /9), the other 
a 3.6-million-year-old adult from Woranso-Mille 
(KSD-VP-1/1 g) (6, 20). Multivariate analysis of 
linear and angular measurements of DIK-1-1 
highlights its similarities to gorilla and orangutan 
scapulae in the orientations of both its spine and 
glenoid fossa and in the proportions of its supra- 
spinous and infraspinous fossae, suggesting a 
high degree of arboreality in Au. afarensis (3, 19). 
Conversely, in a multivariate analysis of angular 
measurements, the adult Woranso-Mille scapula 
clusters with modern humans and not African 
apes, suggesting a loss of arboreal function in 
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Au. afarensis (6). It is not clear whether this dis- 
parity in results is the consequence of differences 
in the developmental ages of the two specimens 
[but see (/9)] or is the result of using different 
variable sets and comparative samples in the 
analyses of the two specimens [see (6)]. 

Upper limb remains of Au. sediba (7), from 
the 1.98-million-year-old site of Malapa, South 
Africa (27, 22), enhance our understanding of 
variation in australopith morphology. The fore- 
limb is particularly well represented in the Malapa 
hominins (Fig. 1). The subadult male, Malapa 
Hominin 1 (MH1), preserves the lateral half of 
the right clavicle, a right humerus that is complete 
save for the proximal epiphysis and apophysis of 
the medial epicondyle, a proximal shaft fragment 
of the left humerus, the proximal half of the right 
ulna (lacking the olecranon apophysis), and the 
distal epiphysis of the right radius. The adult fe- 
male (MH2) preserves a complete clavicle, hu- 
metus, radius, and ulna and a relatively complete 
scapula from the right side, as well as portions 
of the left clavicle, scapula, and humerus. Both 
specimens also preserve manual remains, which 
have been treated elsewhere (23). 


The Pectoral Girdle 

The overall morphology of the upper limbs of 
Au. sediba broadly resembles that of other aus- 
tralopiths. The right clav of MH2 is al 
lutely and relatively short and is relatively gracile 
compared with the Woranso-Mille (4u. afarensis) 
specimen KSD-VP-1/I1f (6) and early and modem 
Homo (table $1), all of which are larger bodied. 
When the acromial ends of the clavicles of both 
MHI and MH2 are held horizontally, their shafts 
inflect inferomedially (Fig. 2), indicating a shoul- 
der position higher than that of living humans 
(24). The morphology of the stemoclavicular joint 
surfaces of the clavicle and manubrium of MH2 
also suggest an oblique orientation to the clav- 
icle (Fig. 2) and imply a high scapular position. 
Like other australopiths and Homo, the deltoid 
scar is on the anterior surface of the lateral curve 
of the shaft, not on the superoanterior surface as 
in chimpanzees, indicating a human-like lack of 
clavicular rotation (24). However, unlike humans, 
MH2 and, to a lesser extent, MH1, have promi- 
nent conoid tubercles that form distinct pos- 
terior flanges (although not as prominent as those 
seen in chimpanzees) (Fig. 2). Both specimens 
have a pronounced angular margin continuous 
with the tubercle medially and separating the 
inferior from the posterior surfaces, as also seen 
in Au. afarensis specimens A.L. 288-1 (25 Ly 
333x-6/9 (26), A.L. 438-1 (27), and StW 606 
(28). Similar but perhaps less-developed angular 
margins are present in the Au. africanus speci- 
mens StW 431 and StW 582. 

The scapula (Fig. 3) possesses a cranially 
oriented glenoid fossa (as indicated by its high 
glenoid-medial angle), a markedly cranially di- 
rected spine (reflected in its low spinal-medial 
angle), and a large attachment area for supra- 
spinatus (relative to the size of the glenoid fossa 


1233477-2 


and the infraspinous fossa) (tables $3 and S4). 
Supraspinous to infraspinous fossae proportions 
are very similar to those of the juvenile Au. afarensis 
specimen DIK-1-1 (3) and are intermediate be- 
tween those of Homo and the African apes (table 
S4). The glenoid fossa of MH2 is narrow relative 
to its height, with proportions most similar to 
orangutans and gorillas (table S4). The vertebral 
border is convex, the acromion process is long 


and curved (as in apes), and the inferior axillary 
border has a prominent flange at the origin of teres 
major, indicating hypertrophy of this adductor and 
medial rotator of the humerus (Fig. 3). 

Based on multivariate analyses of size- 
standardized shape variables, the MH2 scap- 
ula is morphologically most similar to scapulae 
of Pongo (29). In one analysis, MH2 also was 
not significantly different from Gorilla, but in no 


Fig. 2. Clavicular morphology in Au. sediba, Pan troglodytes, and Homo sapiens. (A) Specimens 
in anterior view, from top: MH1 right side, MH2 left side, MH2 right side, chimpanzee, and human 
(comparative specimens from the A. H. Schultz collection). All specimens are oriented such that the 
acromial ends are in the horizontal plane, showing the inferomedial inclination of the clavicular shafts in 
Au. sediba and Pan. Note the enlarged conoid tubercle in MH2 (arrow). The enlarged conoid tubercle of 
MH1 extends more dorsally than inferiorly. (B) The MH2 clavicle in inferior perspective. The inferomedial 
aspect of the sternoclavicular joint surface (white arrow) forms a 124° angle with the medial surface of the 
joint, such that when the clavicle is articulated with the manubrium, the shaft is oriented at an angle of 
~120° to the vertical. An elevated margin (black arrow) bounds the articular surface, such that when the 
clavicular shaft is lowered beyond 115°, contact between the clavicular and sternal articular surfaces is no 


longer possible. All specimens to same scale. 
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cases did it cluster with Homo, Pan, or Hylobates. 
MH2 is most similar to Pongo in measures of 
glenoid and spinal angle (table S3), including 
measures of glenoid fossa or spine orientation 
relative to the superoinferior long axis of the 
scapular body (the glenoid-medial and spinal- 
medial angles, respectively). The long axis of the 
scapula is defined by the superior and inferior 
angles of the body (30) and lies parallel to the 
vertebral column in humans, providing an indi- 
cation of the anatomical orientation of the bone 
(31). Thus, angles based on this axis are likely to 
be better indicators of glenoid fossa and spinal 
orientation than are angles based on the more 
commonly used axillary border. In its axillary- 
vertebral angle, the MH2 scapula falls closest to 


the mean value observed in the Gorilla sample 
(table $3), denoting a scapula that is mediolat- 
erally long relative to its superoinferior breadth, 
but not quite to the extent seen in humans. MH2 
is also similar to Pongo and Gorilla in having a 
glenoid fossa that is dorsoventrally narrow rela- 
tive to its superoinferior height (as reflected by 
its low glenoid fossa index) (table S4). The shape 
of the body of the MH2 scapula, as measured by 
the scapular index, is most similar to that seen in 
Homo and Pan (table S4). The relative size of 
the supraspinous fossa (relative to the size of both 
the infraspinous fossa and the glenoid fossa) is 
greater than the mean values seen in Pongo and 
Homo but smaller than the means of the African 
apes and gibbons (table S4). 


Fig. 3. Three-dimensional rendering of the reconstructed MH2 right scapula in ventral (left), 
lateral (middle), and dorsal (right) views. In silico reconstruction involved rejoining the superior 
fragment (preserving much of the supraspinous fossa, the lateral root of the acromion, and the superior 
half of the glenoid fossa) with the body inferiorly. When possible, aligning separate fragments was 
performed at the level of individual trabecular struts. The right scapula lacks the acromion process; thus, 
the left side acromion process was mirrored and aligned to obtain the best fit with overlapping preserved 


portions of the lateral spine. 
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To explore the claim that purported differ- 
ences in morphological affinities of the Dikika 
[gorilla-like (3)] and Woranso-Mille [human-like 
(6)] australopith scapulae are a function of the 
choice of measurement variables (6), we con- 
ducted three separate principal component anal- 
yses (PCA): one using only the 10 linear and 
angular variables employed by (3), one using 
only four of the five angles employed by (6), and 
one using the combined variable set from both 
studies (29). Our analyses also included sam- 
ples of the Asian apes, which were not repre- 
sented in either of the previous studies. We found 
that, regardless of which variable set we em- 
ployed, MH2’s position in multivariate space fell 
closest to the centroid of the Pongo sample (i.e., 
in no case was the Euclidean distance of MH2 
from the Pongo centroid significantly larger than 
the average distance of each individual specimen 
of Pongo from its own group centroid). When 
only the angles employed by (6) were used, 
MH2’s position also did not significantly differ 
from the Gorilla centroid. In all three analyses, 
MRH2 was significantly distant from the Homo, 
Pan, and Hylobates centroids. These results sug- 
gest that, when Asian apes are included in the 
analysis, the analyses are fairly robust with re- 
spect to choice of variables; the morphological 
affinities of the MH2 scapula with those of Pongo 
was a consistent finding. This further suggests 
that the differing, previously reached conclu- 
sions concerning australopith scapular morphol- 
ogy [human-like (6) versus ape-like (3)] are mainly 
a function of composition of the comparative 
samples, perhaps combined with the ontogenetic 
status of the specimen from Dikika (32). This 
conclusion is supported by more recent studies 
of both the Woranso-Mille (20) and Dikika (/9) 
scapulae that report morphological affinities with 
Pongo. 

The importance of the Pongo-like scapular 
morphology of MH2 is unclear. Orangutans are 
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by a star. Potential range of upper 
limb length values for A.L. 288-1 are 


indicated by a solid line between its minimum and maximum values. The point for 
KNM-WT 15000 is based on the specimen’s superoinferior femoral head diameter. 
The ordinary least squares regression lines for the comparative samples are 
represented by solid lines, and the reduced major axis (RMA) regression lines for 
the comparative samples are the dashed lines. H. sapiens RMA formula: Y = 
10.643X + 76.078, r= 0.65, n = 865; P. troglodytes RMA formula: Y = 15.235X + 
71.368, r = 0.61, n = 59; G gorilla RMA formula: Y = 15.353X + 35.459, r= 
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0.81, n = 45. (B) Brachial indices in Au. sediba (MH2), extant hominoids, and 
fossil hominins. Box-and-whiskers plots show the median (vertical line), upper 
and lower quartiles (box), range (whiskers), and outliers (circles) for each group. 
For individual specimens, boxes represent the range of estimated values [see 
(12)]. Redrawn from (22) using data from that study, except for H. sapiens (n = 
1093 samples), P. troglodytes (n = 59 samples), and G. gorilla (n = 46 samples) 
[see (29)] and ARA-VP-6/500 [data from (42)]. 
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Australopithecus sediba 


the only large-bodied ape to retain a predomi- 
nantly arboreal lifestyle, and they engage in the 
greatest amount of forelimb suspension during 
locomotion of any of the great apes (33). How- 
ever, orangutans also display the greatest degree 
of variability in locomotor and positional behav- 
iors of any of the apes, including vertical climbing, 
quadrumanous climbing and suspension, quadru- 
pedalism, and a small amount of pronogrady (33). 
Pongo-like scapular morphology, related to highly 
variable arboreal positional and locomotor behav- 
iors, has been argued to represent the primitive 
condition for hominids, with the scapulae of Pan 
and Gorilla reflecting derived specializations for 
greater suspension and quadrupedalism (20). By 
this model, the Pongo-like morphology of aus- 
tralopith scapulae reflects their descent from a 
generalized arboreal ancestor that was not spe- 
cialized for arboreal suspension (20, 34). The 
Pongo-like morphology of MH2 is consistent 
with this hypothesis. However, it is important to 
note that Pongo engages in substantially more 
forelimb suspensory locomotion than do African 
hominids (33, 35), making it difficult to argue 
that the African apes are somehow more special- 
ized for suspensory behavior. In most aspects 
of scapular shape (tables S3 and S4) MH2 is 
intermediate between Pan and Homo, and thus 
also consistent with the hypothesis that the chimp- 
human last common ancestor was largely chimp- 
like in its postcranial morphology (36). By this 
model, the morphological and possibly behav- 
ioral intermediacy of the australopiths between 
a Pan-like arboreal ancestor and fully terrestrial 
modern humans resulted in scapular morphology 
homoplastically similar to that of Pongo. Regard- 
less of which of these models is correct, the com- 
parative evidence shows that MH2 possessed a 
scapula that would have been well suited to the 
arm positions associated with the kinds of anti- 
pronograde postures and forelimb suspensory be- 
haviors commonly employed by highly arboreal 
orangutans. 


The Arm and Forearm 


Tumeral torsion angles in the Malapa hominins 
(29) (table S8 and fig. S12) suggest a more pos- 
teriorly directed humeral head than that seen in 
the only other australopith (A.L. 288-1) for which 
this morphology can be determined [although 
estimated torsion in partial proximal humeri at- 
tributed to australopiths suggest even more me- 
dially directed heads than A.L. 288-1 (37)]. MHI 
and MH2 thus support the conclusion that the 
high torsion angles seen in humans and African 
apes evolved in parallel (37, 38). The low degree 
of torsion in the Malapa humeri suggests that 
the scapula occupied a more lateral position on 
the mediolaterally narrow, ape-like upper thorax 
(39) [otherwise the elbow would have a lateral set, 
which among extant apes is seen only in gib- 
bons as an adaptation to brachiation (38)]. The 
inference of a laterally positioned scapula is also 
supported by the absolutely and relatively short 
clavicle of MH2 (table S1) (40). Other aspects 
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of humeral size and shape fall within the range 
of variation of other australopiths (tables S9 and 
S10). Both MH1 and MH2 have humeri with ele- 
vated and rugose (MH1) to moderately rugose 
(MH2) deltopectoral crests [as seen in other aus- 
tralopiths and humans (34)]. 

The morphology of Au. sediba’s elbow also 
falls comfortably within the range of variation 
of Au. afarensis and Au. africanus in most as- 
pects of size and shape (tables S9 to $12). The 
Malapa hominins share with other australopiths 
and African apes a strongly projecting humeral 
medial epicondyle and a pronounced humeral 
lateral epicondyle with an elongated and distinct 
brachioradialis crest. They also share with other 
australopiths a relatively large insertion for bi- 
ceps brachii on the radius (table S11), enhanced 
leverage for triceps brachii on the ulna, and an 
anteriorly oriented ulnar trochlear notch (table 
$12). Although these and other features (7) in- 
dicate retention of the primitive condition of en- 
hanced brachial and antebrachial musculature, 
the forelimb of MH2 exhibits relatively poor me- 
chanical advantage for the elbow flexors biceps 
brachii and brachialis compared with other aus- 
tralopiths (tables S11 and $12). The trochlear 
surfaces of both the MH1 and MH2 ulnae exhibit 
keeling greater than that seen in humans. The 
ulnar shaft of MH2 is straight (like a human) in 
lateral view, whereas her radius is mildly curved 
in anterior perspective. The distal radii of both 
MHL and MH2 are like those of other australopiths 
in having larger lunate than scaphoid articular 
surfaces and in possessing weakly developed but 
distinct dorsal ridges on the radiocarpal articular 
margin (4/). 


Limb Proportions 
MH2 is the only australopith with complete pres- 
ervation of the long bones of the upper limb. 
Early hominin specimens preserving even rela- 
tively complete long bones are rare; thus, fore- 
limb proportions tend to involve considerable 
estimation for most taxa, and their ranges of 
variation and sample central tendencies are in- 
completely known. Still, some tentative conclu- 
sions can be reached. Humeral length relative to 
femoral head diameter in Au. sediba (7.86 to 
8.15) is intermediate between that of Au. afarensis 
(9.20) and early H. erectus (6.93 to 7.38) (7). 
When humeral plus radial length is plotted against 
femoral head diameter (Fig. 4A), MH2 can be 
seen to have an arm that is long for her body 
size (as measured by femoral head diameter) rel- 
ative to most humans but still within the 95% 
confidence limits of the human sample. MH2’s 
brachial index (100 = radial/humeral length) of 
84 falls within the estimates for A.L. 288-1 (Au. 
afarensis) and OH 62 [attributed to H. habilis, 
but see (7)] and above that of the Nariokotome 
H. erectus specimen (Fig. 4B). In a regression of 
radial on humeral length, MH2 falls above the 
95% confidence limits about the human sample 
but within that of the chimpanzee sample (29) 
(fig. $13). Although it is important to note that 


some modem humans have brachial indices as 
or more extreme than that observed in MH2, 
one would have less than a 1% chance of draw- 
ing such an individual at random from a sample 
of modem humans. The high brachial index ob- 
served in the Ardipithecus ramidus specimen 
ARA-VP-6/500 has been argued to represent the 
primitive condition for hominins (42), and the 
high estimated value for Lucy [a value of 92 being 
the preferred estimate of (42)] has been inter- 
preted as a retention of primitive arm proportions 
in Au. afarensis. If this is the case, the lower 
value seen in MH2 would then represent an- 
other derived, Homo-like feature in Au. sediba 
and, importantly, one not observed in OH 62. 
Nevertheless, given the great uncertainty involved 
in the estimation of the brachial index in other 
australopiths and OH 62, there is at present little 
basis for inferring in Au. sediba a reduction in 
relative forearm length from the primitive condi- 
tion. The taxonomically unassigned [but possi- 
bly Au. garhi (15)] BOU-VP-12/1 specimen has 
an estimated brachial index of 97.9 to 102.2 (/5), 
and in bivariate space it straddles the upper 95% 
confidence limits about the Pan sample (fig. $13). 
Given the positions of the other fossil hominins 
in bivariate space, this extreme result (relative 
elongation of the forearm greater than that of 
most chimpanzees) is highly improbable. It is 
therefore likely that the humeral length of this 
specimen has been underestimated—and, thus, 
the inference of human-like humeral/femoral pro- 
portions in this 2.5-million-year-old fossil (/5) is 
unsupported. 


Forelimb Function and Locomotion 

Au. sediba shares with other australopiths fore- 
limb features that have been interpreted as in- 
dicative of an arboreal habitus (43, 44). Both 
relatively high shoulders and pronounced clavic- 
ular conoid tubercles have been suggested to be 
adaptations for enhanced elevation of the clavi- 
cle and arm in climbing and suspension (24). 
Likewise, an upturned scapular glenoid fossa is 
thought to reflect habitual use of the arms in 
elevated positions (43). The high spinal angle 
seen in Au. sediba increases the mechanical ad- 
vantage of the serratus anterior in upward rota- 
tion of the scapula, as well as increasing the 
horizontal component of the force vector of the 
upper part of the trapezius (the component that 
contributes to the rotary force couple with the 
serratus anterior) (45), allowing for more force- 
ful rotation of the scapula when moving the 
trunk on a fixed arm during suspensory behav- 
iors. The arm is moderately long relative to 
body size, and the brachial index of Au. sediba 
is high, reminiscent of the condition in apes for 
whom arboreal forelimb suspension remains a 
substantial portion of their behavioral repertoire. 
Muscle attachment surface areas and enthesis 
rugosity from the shoulder to the hand in the 
Malapa hominins indicate moderate hypertrophy 
(that is, greater than usually seen in humans but 
less than commonly seen in the large-bodied apes) 
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of the brachial and antebrachial musculature, in- 
cluding supraspinatus, teres major, brachioradialis, 
flexor carpi ulnaris, and the other extrinsic wrist 
and digital flexors (7, 23). Two features that have 
been argued to be developmentally plastic traits 
associated with climbing and suspension in the 
apes (46, 47) can be observed in Au. sediba: The 
ulnar trochlear surface is moderately keeled, and 
the manual phalanges are moderately curved (23). 
Although it could be argued that many of these 
features reflect functionally irrelevant retentions 
of primitive traits from a more arboreal ancestor, 
the presence of developmentally plastic features 
indicative of climbing and suspension during on- 
togeny supports the inference of the retention of 
some degree of arboreal behavior in the loco- 
motor repertoire of Au. sediba. In the aggregate, 
the upper limb of the Malapa hominins was well 
adapted for arboreal locomotion. 

The growing fossil record of australopith 
and early Homo shoulder and forelimb remains 
(3, 4, 6, 27, 48, 49) shows that the emergence of 
the Homo body plan entailed a reorganization 
of the pectoral girdle, involving relocation of the 
scapula from high and dorsal to lower and more 
lateral on the thorax, with a concomitant shift 
from an obliquely to horizontally oriented clav- 
icle (37). This change was accompanied by a 
downward rotation of the scapular glenoid fossa 
(less cranial to more lateral) and changes in the 
angular relationships between the scapular spine, 
glenoid fossa, and body from a Pongo-like to a 
human-like morphology (3, 6, 37). This reorga- 
nization of the shoulder, first evident in H. erectus, 
was accomplished in the context of relative stasis 
in clavicular length (proportional to body size) 
and a moderate decrease in humeral torsion an- 
gle (37). If the Malapa hominins represent a stem 
species of the Homo clade (7, 22), they show 
that relocation of the scapula to the lateral thorax 
preceded its downward shift and the concomitant 
reorganization of scapular architecture. Given 
the evidence for the retention of some climbing 
abilities in Au. sediba, this suggests that down- 
ward relocation of the hominin scapula only 
occurred later with a full-time commitment to 
terrestrial environments. The establishment of a 
shoulder configuration intermediate between that 
of australopiths and modern humans, as seen in 
early H. erectus (4, 37), likely signals the initial 
transition to upper limb function away from loco- 
motion and predominantly toward manipulation 
and prehension. 
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Mosaic Morphology in the Thorax 
of Australopithecus sediba 


Peter Schmid,*?* Steven E. Churchill,” Shahed Nalla,*” Eveline Weissen,* 
Kristian }. Carlson,”> Darryl J. de Ruiter,°? Lee R. Berger” 


The shape of the thorax of early hominins has been a point of contention for more than 30 years. 
Owing to the generally fragmentary nature of fossil hominin ribs, few specimens have been 
recovered that have rib remains complete enough to allow accurate reassembly of thoracic 
shape, thus leaving open the question of when the cylindrical-shaped chest of humans and their 
immediate ancestors evolved. The ribs of Australopithecus sediba exhibit a mediolaterally narrow, 
ape-like upper thoracic shape, which is unlike the broad upper thorax of Homo that has been 
related to the locomotor pattern of endurance walking and running. The lower thorax, however, 
appears less laterally flared than that of apes and more closely approximates the morphology 


found in humans. 


ince the early 1980s, the question of the 
S shape of the thorax of early hominins has 

been debated (/—6). In apes, the morphol- 
ogy of the thorax is integral to the function of 
the upper limb in arboreal locomotion and posi- 
tional behaviors (7, 8), and thus reconstruction of 
thoracic shape in early hominins is central to re- 
solving questions about the degree of arboreality 
in members of the human lineage before the genus 
Homo (9). The study of the evolution of human 
thoracic form and function has, however, been 
impeded by the incompleteness of the fossil rib 
record. It has been difficult to reconstruct the 
overall shape of this anatomical region owing 
to the large number of fragile bones of which it 
is composed and the complex interactions of rib 
size, curvature, torsion, and declination that com- 
bine to determine the shape of the rib cage (thus 
limiting the utility of rib fragments). The fragil- 
ity of costal elements has led to a dearth of both 
isolated thoracic remains and the more inform- 
ative remains associated with partial skeletons 
of known species. Even the most complete pre- 
served early hominin rib cages, such as those of 
the two Australopithecus afarensis partial skel- 
etons A.L. 288 (Lucy) (/0) and KSD-VP-1/I 
(Woranso-Mille) (6) or the Au. africanus partial 
skeleton Sts 14 (//), preserve only fragmentary 
elements. Nonetheless these, along with the few 
fragmentary remains associated with other par- 
tial skeletons, have stimulated debate over thoracic 
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shape and the evolution of human-like bipedal- 
ism and respiratory physiology (/—6). 

Both apes and humans have rib cages that are 
transversely broad and dorsoventrally flattened 
relative to other catarrhine primates (/2). The great 
apes also have a rib cage that is conically shaped 
in anterior view, forming a mediolaterally narrow 
cupola superiorly and progressively flaring lat- 
erally from superior to inferior, such that at the 


UW88-147 


UW88-60 


| 


| 
UW88-166 


UW88-148 


UW88-13 


Pas 
UW88-141 ee 


UW88-41 
UW88-154 


level of the 11th and 12th ribs, the mediolateral 
width of the rib cage matches that of the trans- 
versely broad iliac blades (/2, /3). This config- 
uration has been linked to arboreal locomotion, 
in that it effectively positions the ribs so as to 
best resist large bending moments generated either 
by the forceful contraction of thoracoscapular 
and thoracohumeral muscles during support and 
acceleration of body mass with the upper limbs 
during climbing and suspension (/4) or by grav- 
ity operating on body mass during suspension 
(/5). Human thoraces are more barrel-shaped: 
The upper rib cage is mediolaterally broad, such 
that relatively little additional lateral flaring oc- 
curs moving inferiorly. Furthermore, the lower 
ribs in the series have greater curvatures than 
the homologous ribs in apes (/6), resulting in a 
rib cage overall that is more cylindrical (barrel- 
shaped), rather than the funnel shape charac- 
teristic of apes. 

If one assumes that the primitive condition for 
hominins was an ape-like, conical thorax [but 
see (4, 5)], the change to the derived, Homo-like 
condition should serve as a potential critical 
marker of the transition from a locomotor reper- 
toire involving both terrestrial bipedalism and 
arboreal climbing/suspension (/, 3, /5) to one em- 
phasizing endurance bipedal walking or running 
(in which wider shoulders incr the effective- 
ness of arm-swinging as a means of countering 
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Fig. 1. Rib remains of MH1 and MH2 in cranial view (see tables $1 and S2). Not pictured: 
UW88-193 (shaft fragment). UW88-192 derives from a different individual (MH2) than UW88-74/165 
(MH1) and is only illustrated with those fragments to show its relative anatomical position. 
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Australopithecus sediba 


rotational moments in the trunk) (/4, /7). Thus, 
as the probable precursors of the genus Homo, 
great importance has been attached to the tho- 
racic remains of the australopiths, about which 
two interpretations have emerged. One view is 
that australopith remains are largely human in 
form (2, 5, 6), and thus indicative of essentially 
human-like bipedalism, reflecting an ability to both 


run and walk long distances (/8). An alternative 
view is that their thoracic shape was essentially 
A 
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ape-like, and thus they were not only still habitual 
arborealists, but were incapable of human-like 
running and long-distance walking (3). 

More recently, the thorax of the proposed stem 
species of all hominins, Ardipithecus ramidus, has 
been argued to have been largely derived toward 
the human condition (5). This argument is pre- 
dicated on inferences about the locomotor be- 
havior of this species and the supposition that 
a conically shaped thorax is convergently de- 
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Fig. 2. Rib curvature in Au. sediba and fossil and extant hominoids. H. sapiens (26 < n < 30), Pa. 
troglodytes (13 <n <16), Po. pygmaeus/abelii (11 < n <12), Hy. lar (n = 20), Au. sediba (n = 2). (A) Posterior 
angle (PA) index versus rib number. Larger values of this index reflect ribs that are more curved at the posterior 
angle [see (23)]. (B) Total rib curvature (TRC) index versus rib number. Larger values of this index reflect ribs 
with shafts that are more curved from the tubercle proximally to the sternal end distally (see 23). 
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Fig. 3. Rib shape indices [taken following (6)] in the second ribs of Au. sediba (UW88-58), Au. 
afarensis (KSD-VP-1/1), and extant hominids. Box-and-whisker plots show the median, upper and 
lower quartiles, and ranges of the Homo sapiens, Gorilla gorilla, and Pan troglodytes samples. Red 
asterisks denote the index values of the exemplars illustrated below the plots, which have all been aligned 
by their “costal neck axes” (6). Lower left: the Au. sediba, Au. afarensis, and Pan and Homo second ribs 
have been overlain in costal neck axis alignment. The parity in curvature is apparent between UW88-58 
(top) and the chimpanzee 2nd rib, and KSD-VP-1/1 with the human 2nd rib. 
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rived in the extant large-bodied apes (4). This 
would imply that the shape of the thorax in stem 
hominins was broadly like that of humans, sug- 
gesting a shift to a fundamentally human-shaped 
thorax with the earliest establishment of ter- 
restrial bipedalism in our lineage. However, in 
Ar. Ramidus, the remains of the trunk skeleton 
are limited to a partial first rib, several associated 
crushed ribs, the neural arches of two thoracic 
vertebrae, and a fragmentary and distorted pelvis 
without a sacrum (5). The poor representation of 
the thorax in Ar: ramidus highlights the paucity of 
thoracic remains that plague early hominin re- 
search and urges caution in uncritically accepting 
conclusions about thoracic form in this species. 

Since mid-2008, the Malapa site in South 
Africa has yielded a large number of hominin 
fossil remains, most of which are associated with 
two partial skeletons, namely a juvenile probable 
male (Malapa Hominin 1: MH1) and an adult 
probable female (MH2). Both specimens have 
been ascribed to a new species of early hominin, 
Au. sediba (19). Postcranial remains of both indi- 
viduals are well preserved, and aspects of their 
skeletons have been recently described (20-22). 
Both individuals preserve a number of thoracic 
remains that were found in near articulation and 
that elucidate the form of the thorax in Au. sediba. 
The preserved costal elements (Fig. 1: listed in 
tables S1 and $2) range in completeness from 
undamaged or largely complete ribs of both in- 
dividuals to unidentifiable fragments of the shafts 
of lower ribs. In both skeletons, the upper tho- 
racic region is better preserved than its lower parts. 
MHI and MH2 preserve complete first ribs, and 
MH retains proximal portions of the second, 
third, and fifth ribs, along with a nearly com- 
plete fourth rib (23). MHI preserves four partial 
ribs from the lower part of the vertebrostemal 
series, including the proximal portions of what 
likely represent the right and left 6th and left 7th 
ribs (23), and shaft fragments that likely derive 
from the left 7th, 8th, or 9th rib. The constella- 
tion of relatively intact and partial ribs provides 
information about the upper and middle portions 
of the thorax: The preservation of a shaft frag- 
ment from a 9th (or possibly 10th) rib in MH2, 
along with the well-preserved iliac regions of 
both individuals (2/), enables us to reconstruct 
at least the general shape of the lower thoracic 
region. 


The Upper Thorax 

The overall shape of the upper thorax of Au. 
sediba is clearly more ape-like, being medio- 
laterally narrow in the region of the first six ribs 
to form a typical ape-like apex to the cranial por- 
tion of the thorax. An ape-like, less acute pos- 
terior bending of the upper ribs (producing ribs 
that flare less laterally, and thus a mediolaterally 
narrower rib cage) and possibly a less ventrally 
positioned vertebral column [i.e., less invagination; 
see (24)] in Au. sediba is indicated by its low pos- 
terior angle index (Fig. 2A) (23). This conclusion is 
also supported by the shape index of the second 
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rib [the curvature index of (6)], which in MH2 is 
estimated to be 78. This value is higher than and 
outside of the range of observed values in humans, 
and within that of gorillas and chimpanzees (Fig. 3). 
This value is also 12 index units above that of 
the KSD-VP-1/In Au. afarensis second rib (6). 

Between-group differences in thoracic shape 
are also reflected in indices of rib total curvature 
(Fig. 2B) (23). In large-bodied apes (Pan and 
Pongo), rib curvature reaches its zenith in the 
upper vertebrosternal ribs, with the costae be- 
coming progressively straighter moving inferior- 
ly to the asternal ribs. However, because of a 
reduction in the angle between the transverse pro- 
cesses of the thoracic vertebrae and the sagittal 
plane [angle © of (/6)] from superior to inferior, 
these straighter asternal ribs project more lateral- 
ly, forming a mediolaterally broad lower thorax. 
The derived thoracic morphology of H. sapiens 
can be seen to result from substantially greater 
curvature of ribs 2 to 4 (shared homoplastically 
with the barrel-chested Hylobates), which produces 
a mediolaterally broad upper thorax, combined 
with greater curvature of the lower ribs 9 to 11 
(not shared with Hylobates), which redirects the 
lower ribs anteriorly and produces a relatively 
mediolaterally narrow lower rib cage (/6) (and 
thus a cylindrically shaped thorax overall as seen 
in anterior view). As with the posterior angle in- 
dex, Au. sediba has a rib total curvature index at 
the fourth rib that is below the mean value of 
Homo and most similar to those of Pan and Pongo 
(Fig. 2B and fig. $9). 

The ape-like, conical thoracic shape of Au. 
sediba is also apparent when the trunk skeleton is 
rearticulated (Fig. 4). To create a three-dimensional 
reconstruction, we articulated ribs R1-5 of MH2 


Fig. 4. Two-tlimensional 
reconstruction of the tho- 
rax of MH2. Colored areas 
represent parts preserved 
in MH2 [scapula represented 
by a virtual rendering of 
the original specimen; see 
(27). Gray-scale—illustrated 
bones are associated with 
MH1 or are mirror-imaged 
elements from MH2. Light 
gray areas represent hy- 
pothesized outlines. 
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and R6-7 of MH1, using MH2’s thoracic verte- 
brae T3-7 and interpolating the morphology of 
the T1 and T2 from the preserved vertebrae plus 
that of the T2 of MHI (25). The shape of the 
thoracic inlet was obtained by articulating the 
right first rib and the manubrium (fig. S2) in MH2, 
allowing an appropriate gap for the costal car- 
tilage. This hemithorax was then mirror-imaged to 
obtain the upper portion of the complete rib cage. 
The thoracic inlet shape, as seen from above, ap- 
pears typically hominoid, being broadly kidney- 
shaped with the vertebral column positioned 
ventrally (invaginated) within the thorax, but less 
so than in modem humans. 


The Lower Thorax 

In both apes (7, 26) and humans (/6), there is 
correspondence between the shapes of the in- 
ferior rib cage and the false pelvis (formed by the 
iliac blades). Thus, the derived, human-like verti- 
cal reorientation and greater curvature of the iliac 
blades of Au. sediba (21) lead us to suggest that 
its lower thoracic shape could not be like that of 
an ape. This inference is supported by a fragment 
of a 9th rib (or possibly 10th), found in association 
with the MH2 skeleton. This rib is slenderer than 
the more cranial fragments, a condition very dif- 
ferent from that of the inferior ribs of apes (which 
are the largest and longest in the series). In addi- 
tion, it appears to show distinct torsion along its 
body, which is characteristic of the reduced last 
ribs of humans (but not apes) (Fig. 5). 


Thoracic Morphology, Respiration, 

and Locomotion 

The thoracic shape of Au. sediba thus appears to 
be an unusual combination of the primitive con- 
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dition of an ape-like upper thoracic shape, with 
a more derived, human-like shape to the lower 
thorax. Thoracic shape in Au. sediba thus may 
contrast with that of KSD-VP-1/1, which has been 
attributed to Au. afarensis (6), but may not con- 
trast with another specimen of that species, 
ALL. 288-1 (/, 3). The morphology of the upper 
thorax and elements of the pectoral girdle (27) 
suggest that Au. sediba had habitually elevated, 
“shrugged” shoulders like that of a chimpan- 
zee. The shape of the thorax and the position- 
ing of the scapulae are critical in bipedal gait, as 
they affect the pendular mechanics of the up- 
per limbs in their role as counterbalances to trunk 
rotation (/4, 77). In combination with features 
found in the foot (22) and lower limb (28), the 
thoracic shape of Au. sediba implies a gait un- 
like that predicted for any other early hominin 
species. If interpretations of a derived, Homo- 
like thorax in Aw. afarensis are correct (2, 6, 10), 
it calls into question the possibility that Au. sediba 
derives from this species, even via an interme- 
diate taxon such as Au. africanus, as it would 
require a large number of reversals in two forms 
already practicing a form of terrestrial bipedal- 
ism. More critically, if the thoracic region of Ar. 
ramidus is indeed as derived as recently claimed 
(5), then by implication, Ardipithecus makes a 
poor ancestor for at least the lineage leading to 
Au. sediba. 

The morphology seen in the rib cage of Au. 
sediba also contrasts with that of H. erectus, 
based on the KNM-WT 15000 juvenile skeleton 
(16, 29). Mediolateral expansion of the upper 
thorax in H. erectus (and H. sapiens) has been 
argued to be the necessary consequence of nar- 
rowing of the pelvis and lower rib cage relative 
to body size (/6) in early Homo. Reduced bi-iliac 
breadth (relative to body size) in early Homo may 
have been a response to reduction in gut size fol- 
lowing from improvement in dietary quality (30), 
or maintenance of body volume—to-surface area 
relationships important to thermoregulation in a 
lineage increasing in stature (3/), or was per- 
haps related to altered energetic or biomechanical 
demands (/7, 32-34) of long-distance bipedal- 
ism in the context of expanded ranging behavior 
(35, 36). Reductions in the size of the lower rib 
cage may necessitate expansion of the upper tho- 
rax to maintain a proper lung volume-to—body 
mass relationship (37), and if so, the emergence 
of cylindrical thoraces in early Homo may have 
more to do with relative reduction in pelvic breadth 
(16) than with upper limb pendular mechanics 
related to striding bipedalism or long-distance run- 
ning (/4, 17). However, the mosaic morphology 
seen in the trunk of Au. sediba, combining a nar- 
row upper thorax with a relatively narrow pelvis 
(21) and (presumably) narrow lower thorax, sug- 
gests a degree of uncoupling of upper and lower 
trunk shape in hominin evolution. This argues 
against a physiological (lung volume) expla- 
nation for the Homo thoracic bauplan (espe- 
cially since Au. sediba appears to compensate 
for reduced lower rib cage volume through an 
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Fig. 5. Ninth rib morphology in Au. sediba, Homo, and Pan. Ribs are shown in superior view on the 
left, inferior view on the right. UW88-60, the right 9th rib of MH2, is toward the center and is illustrated 
twice in each perspective. Torsion to the superior and inferior margins of the rib (dotted lines) is similar to 
that seen in the curved and twisted 9th rib of humans (middle in each perspective) and unlike that of a 


chimpanzee (lateral in each perspective). 


anteroposterior, rather than mediolateral, ex- 
pansion of the upper thorax) (23). In Au. Sediba, 
we see an incipient development of a narrow, 
Homo-like waist (with a relatively functionally 
long and mobile lumbar vertebral column) (25) 
with repositioned abdominal oblique muscles that 
can better resist trunk rotation during walking and 
running (32). Au. sediba also appears to exhibit 
incipient widening of the iliocostalis (fig. S3), 
which would improve the mechanical advantage 
of the muscle for counteracting lateral trunk flexion 
during bipedal walking (38). However, the narrow 
upper thorax of Au. sediba, combined with a high 
scapular position (27) and thus probably incomplete 
decoupling of the head and pectoral girdle, would 
be expected to constrain arm-swinging during 
walking or running (/7, 32). Furthermore, this 
morphology in the upper thorax and pectoral gir- 
dle would have restricted elevation of the upper 
part of the rib cage during inspiration, limiting the 
ability of Au. sediba to engage in heavy breathing 
during fast walking or running (32). A commit- 
ment to a fully terrestrial life-style in H. erectus 
may have relaxed the functional constraints op- 
erating on early hominin shoulder and upper tho- 
racic morphology, allowing for a reorganization 
of the thorax and shoulder more conducive to the 
kinematic and respiratory demands of full strid- 
ing bipedalism and endurance running. This re- 
organization established the basic Homo thoracic 
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bauplan (/6) seen in all later species of Pleis- 
tocene Homo (39-41). 
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The Vertebral Column of 
Australopithecus sediba 


Scott A. Williams,** Kelly R. Ostrofsky,? Nakita Frater,* Steven E. Churchill,?> 


Peter Schmid,** Lee R. Berger? 


Two partial vertebral columns of Australopithecus sediba grant insight into aspects of early hominin 
spinal mobility, lumbar curvature, vertebral formula, and transitional vertebra position. Au. sediba 
likely possessed five non—rib-bearing lumbar vertebrae and five sacral elements, the same configuration 
that occurs modally in modern humans. This finding contrasts with other interpretations of early 
hominin regional vertebral numbers. Importantly, the transitional vertebra is distinct from and above 
the last rib-bearing vertebra in Au. sediba, resulting in a functionally longer lower back. This 
configuration, along with a strongly wedged last lumbar vertebra and other indicators of lordotic 
posture, would have contributed to a highly flexible spine that is derived compared with earlier 
members of the genus Australopithecus and similar to that of the Nariokotome Homo erectus skeleton. 


he vertebral column plays a central role 
in posture, locomotion, and overall trunk 
stability and mobility in vertebrate ani- 
mals. The hominin vertebral column is distinct 
in its role in force transmission and weight- 
bearing in an upright torso balanced over two 
legs. Owing to these biomechanical demands, 
the hominin spine has several specialized traits 
not seen in other mammals, including sigmoid 
curvature; a pyramidal configuration of articu- 
lar facets with descent through the lower lum- 
bar column; and a wide, curved sacrum (/—6). 
Whereas these adaptations are present in modern 
humans and currently known extinct hominins, 
other aspects of the modern human vertebral 
column—for instance, large relative lumbosacral 
body size—are not present in early hominins such 
as Australopithecus afarensis and Au. africanus 
(2, 3, 7), suggesting that the vertebral column 
evolved in a mosaic fashion. Therefore, an under- 
standing of which adaptations characterized 
various fossil species and when the full com- 
plement of modem humanlike features evolved is 
integral to reconstructing postural and locomotor 
evolution in the hominin lineage. 

Recently, two key components of the hominin 
vertebral column—its numerical composition and 
degree of lumbar lordosis—have been at the 
forefront of discussion (4, 6, 8—/7). However, 
adequately preserved vertebral columns that lend 
themselves to reconstructions of regional verte- 
bral numbers are rare in the hominin fossil record, 
particularly before 50 thousand years ago, and 
are best represented by partial skeletons assigned 
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to Au. africanus (Sts 14 and Stw 431) and Homo 
erectus (KNM-WT 15000). Thoracic and lum- 
bar vertebrae have been defined in two ways in 
the recent literature: (i) based on the presence 
and absence of ribs (i.e., the last thoracic verte- 
bra is identified as the last rib-bearing vertebra) 
(8, 15, 16), and (ii) based on the orientation of 
the articular facets (i.e., the last thoracic vertebra 
is identified as the transitional vertebra, one that 
bears thoracic-like, coronally oriented superior ar- 
ticular facets and lumbar-like, curved and laterally 
directed inferior articular facets) (6, 77, /8). In 
modern humans and other extant hominoids, the 
last rib-bearing vertebra and the transitional ver- 
tebra generally occur at the same vertebral level 
(i.e., are the same vertebral element) and, there- 
fore, yield identical numbers of thoracic and lum- 
bar vertebrae under either definition [(/5, /8, 19), 
but see (20)]. 

In contrast, recent evidence indicates that 
early fossil hominins may not follow this pattern 
(9, 15). Newly identified vertebral and rib frag- 
ments associated with KNM-WT 15000 show 
that the transitional vertebra is cranially adjacent 
to the last rib-bearing vertebra in this specimen 
(9). This configuration yields contrasting num- 
bers of lumbar vertebrae when different opera- 
tional definitions are employed: five nonribbed 
lumbar vertebrae and six vertebrae with sagittally 
oriented upper articular facets (posttransitional 
vertebrae). Sts 14 also seems to demonstrate this 
pattern (8, 75), although the last rib-bearing ver- 
tebra in this specimen is somewhat anomalous 
in that it bears a lumbar-like structure on one side, 
giving it an intermediate (half-thoracic-, half-lumbar) 
appearance (8, /0, 15, 2/, 22). Dissociated verte- 
bral bodies and neural arches at the thoraco-lumbar 
border in Stw 431 have led to contrasting recon- 
structions of this specimen (8, 23), precluding a 
definitive assessment of the relationship between 
last rib-bearing and transitional vertebrae. Clearly, 
additional specimens that preserve this region 
of the vertebral column are needed. The 1.977 
Ma partial skeletons of Au. sediba from Malapa, 
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Gauteng, South Africa (24, 25) preserve 23 pre- 
sacral vertebrae and a partial, five-element sacrum 
(Fig. 1). Here, we describe vertebrae assigned to 
the juvenile male holotype [Malapa Hominin 
1 (MH1)] and the adult female paratype (MH2), 
in addition to the previously published sacrum 
of MH2 (26). 

The MHI partial vertebral column consists of 
four cervical, six thoracic, and two lumbar verte- 
brae; that of MH2 is composed of two cervical, 
seven thoracic, and two lumbar vertebrae, as well 
as a sacrum. Specimen numbers and identifica- 
tions are provided in table S1. Vertebrae belong- 
ing to MH are readily distinguished from those 
of MH2 by their lack of apophyseal rings. As 
with modem human juveniles and the Nariokotome 
juvenile skeleton (KNM-WT 15000) (/), MHI 
possesses short vertebral centra relative to superior 
inferior interfacet distance, consistent with its 
juvenile status (27). In contrast, MH2’s centra 
demonstrate ratios similar to those of adult mod- 
ern humans. 


Cervical Vertebrae 

A small cervical body fragment of unknown se- 
rial position, two fragmentary mid-cervical verte- 
brae, and a nearly intact last cervical (C7) vertebra 
(fig. S1) are associated with MH1. Two mid-level 
cervical vertebrae are attributed to MH2: a nearly 
complete C3 or C4 (fig. S2) and a partially com- 
plete C5 or C6. These vertebrae do not articulate 
and, thus, likely represent either C3 and C5 or C4 
and C6. 


Rib-Bearing Vertebrae 

Six rib-bearing vertebrae are attributed to MH1: 
two upper thoracic, one mid-thoracic, and three 
lower thoracic vertebrae. An upper thoracic verte- 
bra (fig. S3) demonstrates superior articular facet 
shape and orientation and relationships among 
the body, transverse process, and superior articu- 
lar facets diagnostic of a second thoracic vertebra 
(12). The middle thoracic vertebra, which likely 
represents T7, is complete but pathological: The 
dorsal surface of the right lamina exhibits a rounded 
triangular lytic lesion extending ventrally into 
the lamina (fig. S4). Poor preservation precludes 
certainty of articulation between the three lower 
thoracic vertebrae, although spinous and trans- 
verse process morphologies and orientations and 
costal facet configurations suggest the associa- 
tion and possible affiliation of two of these verte- 
brae as T9 and T10. 

There are seven rib-bearing vertebrae asso- 
ciated with MH2 (table $1), including a block of 
four consecutive upper—to—mid-thoracic vertebrae 
and a block of three articulating lower rib-bearing 
vertebrae. The upper block contains variably com- 
plete fragments of what likely represent either 
a T3-T6 or T4-T7 series. The lower block is of 
particular interest because it preserves in artic- 
ulation the penultimate and ultimate rib-bearing 
vertebrae (Fig. 2). The antepenultimate rib-bearing 
vertebra is also preserved but is displaced slightly 
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from articulation with the penultimate vertebra. 
The penultimate vertebra bears a full costal facet 
at the body-pedicle border and lacks an inferior 
facet or demi-facet. The zygapophyses bear flat, 
dorsally (and slightly laterally) directed superior 
articular facets and curved, laterally directed in- 
ferior articular facets; that is, the penultimate rib- 
bearing vertebra is the transitional vertebra. The 
ultimate thoracic vertebra bears a full costal facet 
on the superior aspect of the posterior vertebral 
body that extends onto the pedicle. Its superior 
and inferior articular facets are curved and dorso- 
medially directed; therefore, it is both rib-bearing 
and posttransitional. 


Lumbar Vertebrae 

There are two non-rib-bearing lumbar vertebrae 
associated with MH1, both lacking apophyseal 
rings. One is a nearly complete first lumbar (L1) 
vertebra that bears asymmetrical lumbar trans- 
verse processes (fig. S5). Another lumbar ver- 
tebra is also nearly complete, with a broken left 
transverse process (fig. S6). Body-proportion dif- 
ferences that can be observed between the two 
vertebrae suggest that they were separated by an 
additional element, rendering this likely the third 
lumbar vertebra (L3). In both vertebrae, but par- 
ticularly marked on L3, “imbrication pockets” 
(4) are present on the dorsal neural arch inferior 


to the superior articular facets in a region known 
as the pars interarticularis (/, 5). These laminar 
fossae are nonarticular and thought to be me- 
chanically induced (5). They allow room for the 
inferior zygapophyses of the cranially adjacent 
vertebra during extension of the articular facet 
joints and are indicative ofa lordotic spine (/, 4, 5). 
Body dimensions and vertebral wedging are re- 
ported in table S2. These measurements and 
wedging estimates should be treated with caution 
due to both the lack of apophyses and the asso- 
ciated juvenile developmental status of MH1. The 
first lumbar vertebra is ventrally wedged (4.1°), 
whereas L3 is wedged dorsally (—1.6°). 

The penultimate and ultimate lumbar vertebrae 
longing to MH2 directly articulate with each 
other and, in turn, with the sacrum (Fig. 3). The 
jumbar bodies and neural arches are separated, 
broken at the pedicle bases. The neural arches 
were discovered in articulation with each other 
and with the articular facets of the sacrum; the 
vertebral bodies were found in articulation with 
each other (with a fragment of the sacral S1 
ody) and refit cleanly with their respective 
neural arches. The MH2 lumbar vertebrae were 
reconstructed digitally (fig. S7), combining the 
roken neural arches with the vertebral bodies. 
The cranial portion of the neural arch of the pe- 
nultimate lumbar vertebra is missing and pre- 
serves only a partial spinous process and inferior 
zygapophyses; that of the ultimate lumbar is 
intact, except for the left transverse process and 
pedicle, the latter of which is broken along with 
part of the superior zygapophysis. The ultimate 
lumbar vertebra bears strong imbrication pockets 
on the pars, again consistent with extension of 
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the articular facet joints onto the laminae and 
habitual lordotic posture (fig. S7). Both the pe- 
nultimate and ultimate lumbar vertebra are wedged 
dorsally (-1.5° and —10.9°, respectively) (Fig. 4, 
fig. S8, and table S2). 


Sacrum 

The MH2 sacrum is cranio-caudally complete 
along the anterior midline (except for the de- 
tached portion of the S1 body) from the cra- 
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nial body of S1 through the caudal body of S5; 
five distinct sacral bodies are recognizable. The 
sacrum is incomplete medio-laterally, with the 
alae broken at its lateral aspects on both sides. 
The left ala and sacral foramina are missing en- 
tirely, whereas the right side retains four large and 
complete sacral foramina and part of the auricu- 
lar surface. The preserved right zygapophysis is 
curved and postero-medially oriented at an an- 
gle of ~45°. The posterior surface of the sacrum 
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Fig. 1. Vertebral specimens for MH1 (left) and MH2 (right). See corresponding specimen iden- 
tifications in table $1. MH1 cervical vertebrae UW88-71 and UW88-73 are encased in matrix and, thus, 


not shown here. 
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is mostly complete on the right side and along 
the midline, with the maintenance of largely sep- 
arate S1, $2, $3, and S4 spinous processes. Over- 
all sacral curvature is greater and more humanlike 
in MH2 than in A.L. 288-1 (fig. $9). 


Thoraco-Lumbar Transition and Inferred 
Numerical Composition 

Ever since the description and interpretation of 
a partial Au. africanus skeleton (Sts 14) from 
Sterkfontein, Gauteng, South Africa more than 
40 years ago (2/), researchers have grappled 
with the number of lumbar vertebrae in early 
hominins (/—3, 8-13, 16, 17, 21-23, 28-32). 


Although a full complement of lumbar vertebrae 
is not associated with either MH1 or MH2, both 
the thoraco-lumbar transition and the sacrum of 
MH2 provide indirect evidence that Au. sediba 
possessed five non-rib-bearing lumbar vertebrae. 
Hypotheses for six lumbar vertebrae in early 
hominins due to an interspecific homeotic shift 
at the lumbo-sacral border have been proposed 
on the basis of recent interpretations of four- 
element sacra in A.L, 288-1 and KNM-WT 15000 
(0, 13, 33). However, both fossil specimens are 
damaged and preclude certainty in this assess- 
ment (22). The presence of five sacral elements 
in MH2 challenges the hypothesis of a six-four 


Fig. 2. Lower thoracic block of MH2. Right lateral (left), anterior (middle), and left lateral (right) 
views of the antepenultimate (top, off-set vertebra), penultimate (middle), and ultimate (bottom) rib- 
bearing vertebrae. Arrows identify costal facets (note that the ultimate vertebra is obscured by an 
unassociated rib on its left side; however, computed tomography (CT) slices confirm the presence of costal 
facets on both sides). Notice that the penultimate rib-bearing vertebra bears flat, posteriorly oriented 
superior articular facets and curved, sagittally oriented inferior articular facets—it is the transitional 
vertebra; thus, the ultimate rib-bearing vertebra is posttransitional. 


configuration (6L:4S) due to homeotic change and, 
rather, suggests a five-five configuration (5L:5S), 
which is consistent with the majority of modern 
humans. Although this does not entirely rule out 
the possibility of six lumbar vertebrae in combi- 
nation with a five-element sacrum (6L:5S), this 
configuration occurs at a very low frequency in 
modern humans (/0, 34). 

Additionally, the dissociation between the 
transitional and last rib-bearing vertebrae in 
MH2 provides further support for the presence 
of five non—rib-bearing lumbar vertebrae in this 
specimen. In other early hominins, the thoraco- 
lumbar transition is either anomalous in appear- 
ance (Sts 14, which includes what superficially 
resembles a half-thoracic, half-lumbar vertebra) 


WT 15000); reconstructions of the latter differ 
and result in divergent numbers of lumbar verte- 
brae (/, 3, 8, 9, 23, 28, 29). In MH2, if six in- 
stead of five non-rib-bearing lumbar vertebrae 
were present, seven vertebrae with curved, sag- 
ittally oriented articular facets would follow the 
transitional vertebra, a configuration that is not 
observed in other fossil hominins or modem hu- 
mans [(9, /5, 19), but see (20)]. Rather, cranial 
placement of the transitional vertebra relative 
to the last rib-bearing vertebra suggests that the 
MH2 vertebral column consisted of five non—rib- 
bearing lumbar vertebrae and six posttransitional 
vertebrae. In fact, recent evidence and interpreta- 
tions suggest that other early hominins demonstrate 
this configuration as well, including KNM-WT 
15000 (9), Sts 14 (8, / nd possibly Stw 431, 
depending on the association between its broken 
neural arches and vertebral bodies (8, 29). 
Unlike the case with other partial hominin verte- 
bral columns, the penultimate and ultimate tho- 
racic vertebrae of MH2 are articulated and were 
found as such in situ, rendering discrepancies 


Fig. 3. Penultimate (L4) and ultimate (L5) lumbar vertebrae and sacrum of MHZ. The articulated lumbar bodies are united with their respective 
neural arches, which are, in turn, cemented in articulation to the sacrum. Note the high degree of dorsal wedging of LS and the presence of four large and 
complete sacral foramina on the right side of the sacrum. 
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in reconstructions that plague other specimens a 
nonissue. 


Function, Posture, and Locomotion 

The presence of lumbar dorsal wedging and other 
morphological features (for instance, imbrica- 
tion pockets on lumbar laminae) in the MH1 and 
MH2 partial vertebral columns demonstrates 
an intrinsic lumbar lordosis and adaptation to 
upright posture and bipedal locomotion in 
Au. sediba. MH2 also shows a cranial position 
of the transitional vertebra relative to the last rib- 
bearing vertebra, resulting in six vertebrae with 
curved, sagittally oriented articular facets on the 
zygapophyses that allow flexion and extension of 
the torso and constrain its rotation (35, 36). A 
numerically longer posttransitional region would, 
therefore, facilitate postural lordosis over a longer 
range of the lower back than the modal condition 
in modern humans [(/, 2, 4, /5, /7), but see (9)]. 
In addition, the L5 vertebra of MH2 is extremely 
dorsally wedged (—10.9°), greatly surpassing lor- 
dotic wedging observed at the last lumbar verte- 
brae in other Australopithecus specimens and, 
although within the range of modern human var- 
iation, outside the lower limit of their 95% predic- 
tion intervals. In this regard, the MH2 LS vertebra 
is very similar to that of KNM-WT 15000 (Fig. 4). 
When lordotic wedging is estimated from both 
L4 and L5, KNM-WT 15000 possesses a greater 
degree of summed dorsal wedging (—16.0°) than 
MH2 (—12.4°), both surpassing values calculated 
for Au. africanus specimens (Stw 431 at —5.7°, 
Sts 14 at—-8.9°) (fig. S8 and table $2). Although a 
complete lumbar column is required to measure 
the overall lumbar angle (/4), this trend toward 
strong lordotic wedging of the lower lumbar 
bodies may represent an evolutionary trend in 


Wedging angle (in degrees) 


Au. sediba and H. erectus relative to earlier spe- 
cies; together with a more anterior position of the 
shoulder joint (37), this high degree of lordosis 
helps to position the center of gravity of the trunk 
more posteriorly. However, as other partial skel- 
etons belonging to early members of the genus 
Homo do not preserve lower lumbar vertebrae 
(3841), this hypothesis awaits future discoveries. 

The likely presence of six posttransitional verte- 
brae (probably shared with other early hominins), 
in combination with dorsal wedging of the lower 
lumbar vertebrae (MH1 L3, as well as MH2 L4 
and L5), including extreme dorsal wedging at 
LS, reveals a highly mobile lower back in Au. 
sediba (Fig. 4 and fig. S8). Functional analyses 
of lower limb remains suggest that MH2 em- 
ployed a bipedal gait characterized by hyperpro- 
nation of the feet during stance phase (42, 43). 
Based on biomechanical principles and clinical 
assumptions, a kinematic chain involving foot pro- 
nation, anterior pelvic tilt, and increased lumbar 
lordosis has been proposed and tested in mod- 
em humans, with mixed results (44-47). Previ- 
ous studies have assessed these relationships 
only during quiet stance on two feet, and data on 
the kinematics of bipedal locomotion are needed; 
nevertheless, the relatively strong lordotic mor- 
phology observed in the lower back of MH2 is 
consistent with such a kinematic hypothesis (43). 
Additionally, this finding suggests that MH2 may 
have been characterized by a pelvis tilted more 
anteriorly than that of modern humans (fig. S10), 
which has also been proposed for other members 
of the genus Australopithecus (48, 49). Wheth- 
er or not these morphologies characterized Au. 
sediba as a species is unknown and will require 
the recovery and biomechanical analysis of ad- 
ditional skeletal materials. The relationship be- 


H. sapiens Stw 431 Sts 14 SK 3981 MH2 WT 15000 
6=2.21 Au. africanus Au. africanus Au. robustus Au. sediba___H. erectus 
n=-6.5 5.8 5.6 5.6 -10.9 -10.5 


Fig. 4. Wedging angle of the last lumbar vertebra in MH2 compared with other fossil hominins 
and modern humans. Modern human (n = 88 specimens) sex differences are not significant [female 
(n = 45): 1 = —6.4°, male (n = 43): p = —6.6°; P = 0.576]. Notice that MH2 is at the extreme end of 
modern human variation and lies outside the range of 95% prediction intervals (1 + 1.96*o) (—2.2°, 
—10.8°) for H. sapiens. Whiskers represent the minimum and maximum values of the modern human 
data set. See table $1 for raw data used to calculate wedging angles. 
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tween the orientation of the pelvis and vertebral 
column (48-50) and integration within (5/, 52) 
and between morphologies in these complex ana- 
tomical systems are understudied areas (49, 50) 
that will undoubtedly contribute to our under- 
standing of posture and gait in Au. sediba and 
other early hominins. 
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The Lower Limb and Mechanics of 
Walking in Australopithecus sediba 


Jeremy M. DeSilva,”?* Kenneth G. Holt,? Steven E. Churchill,” Kristian J. Carlson,”> 
Christopher S. Walker,* Bernhard Zipfel,”* Lee R. Berger” 


The discovery of a relatively complete Australopithecus sediba adult female skeleton permits a 
detailed locomotor analysis in which joint systems can be integrated to form a comprehensive 
picture of gait kinematics in this late australopith. Here we describe the lower limb anatomy of 
Au. sediba and hypothesize that this species walked with a fully extended leg and with an inverted 
foot during the swing phase of bipedal walking. Initial contact of the lateral foot with the ground 
resulted in a large pronatory torque around the joints of the foot that caused extreme medial 
weight transfer (hyperpronation) into the toe-off phase of the gait cycle (late pronation). These 
bipedal mechanics are different from those often reconstructed for other australopiths and suggest 
that there may have been several forms of bipedalism during the Plio-Pleistocene. 


yielded two relatively complete skeletons 

of Australopithecus sediba, dated at 1.977 
million years ago (/, 2). This species has a com- 
bination of primitive and derived features in the 
hand (3), upper limb (4), thorax (5), spine (6), 
and foot (7) in a hominin with a relatively small 
brain (8), a human-like pelvis (9), and a mosaic 
of Homo- and Australopithecus-like craniodental 
anatomy (/, /0, //). The foot in particular pos- 
sesses an anatomical mosaic not present in either 
Au. afarensis or Au. africanus (7), supporting the 
contention that there were multiple forms of bi- 
pedal locomotion in the Plio-Pleistocene (/2). The 
recent discovery of an Ardipithecus-like foot from 
3.4-million-year-old deposits at Burtele, Ethiopia, 
further shows that at least two different kinematic 
solutions to bipedalism coexisted in the Pliocene 
(13). Here we describe the lower limb of Au. 
sediba [specimen numbers and attributions are 
provided in table S1 (/4)] and propose a hy- 
pothesis for how this late australopith walked. 


T: locality of Malapa, South Africa, has 


Lower Limb of MH1 


The holotype of Au. sediba is Malapa Hominin 
1 (MH1), a juvenile male partial skeleton whose 
lower limb consists of a right proximal femur 
(fig. S1), small shaft fragments from the tibia 
and fibula, and foot bones already described (7) 
(table $1). The proximal femur is australopith- 
like, with a long, anteroposteriorly compressed 
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femoral neck (fig. S2) and low neck-shaft angle 
(110° to 115°) (table $2). Posterolaterally, there 
is a third trochanter, inferior to which is a well- 
developed hypotrochanteric fossa, a human fea- 
ture reflecting a large insertion area for the gluteus 
maximus (/5). 


Lower Limb of MH2 

The lower limb of MH2, an adult female, con- 
sists of a right femoral head and neck, part of the 
proximal femoral shaft, the left proximal fibula, 
and the right knee joint (including the patella). 
Additionally, as already described (7), MH2 pre- 
serves an articulated distal tibia, talus, and calca- 
neus and a partial fifth metatarsal. The proximal 
femur preserves much of the head and neck (fig. 
S1). As in MH1, the neck is anteroposteriorly com- 
pressed (table S2). Viewed superiorly, the head 
appears to be prolonged anteriorly, as is the case 
in most humans (/6). 

The right knee of MH2 is represented by an 
86.7-mm-long fragment of the distal femur (fig. 
$3), two fragments that conjoin to form most of 
the tibial plateau (fig. $4), and a relatively com- 
plete patella composed of two conjoining frag- 


Fig. 1. The lateral patellar lip. The lat- a 
eral trochlear groove angle (19) is sim- 
ilar in Australopithecus (TM 1513, Sts 34, 
AL. 129-1, AL. 333-4, and AL. 333w-56), 
early Homo (KNM-ER 1472, KNM-ER 1481, 
and KNM-WT 15000), and modern humans 
(20). This measurement in MH2 (U.W. 88-63) 
is over 3 SD higher than in modern humans. 
Apes have flat trochlear grooves (18) (fig. $7) 
and thus lateral trochlear groove angles near 
Zero. Bottom images, from left to right, are as 
follows: TM 1513, KNM-ER 1472, modern 
human, and MH2, all scaled to the same size. 5 
They have been positioned so that the me- 

dial patellar surface is horizontal, which 0 
corresponds closely to the orientation rec- 
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ments, one of which remains partially embedded 
in calcified sediment. This part of the patella has 
been digitally extracted from micro—computed 
tomography (CT) scans, and a nearly complete 
knee cap has been reconstructed (fig. $5). The 
posteromedial part of the distal femur has been 
sheared away, but the lateral condyle, patellar ar- 
ticular surface, distal shaft, and most of the medial 
condyle are well preserved. The bicondylar angle 
is estimated to be ~9°, which is within the range 
of modern humans but is low for an australopith 
(table $3). There is a sustrochlear hollow just su- 
perior to the patellar surface, evidence of contact 
with the patella in a fully extended position (/7) 
(fig. S6). There is a strong medial condylar boss, 
an anatomy unique to hominins, and evidence for 
a “tibial dominant” knee capable of full extension 
(/8) (fig. S7). Most notable is the high lateral 
patellar lip. The lateral trochlear groove angle (/9) 
is 31.3°, 3 SD above the modem human mean 
(20) and far greater than any ape trochlear angle, 
because apes tend to have flat trochlear grooves 
(Fig. 1). A high lateral patellar lip serves as a 
bony mechanism for patellar retention during bi- 
pedal gait (2/, 22). The extension of the lateral lip 
in Au. sediba is not a function of overall anterior 
expansion of the patellar surface, as is found in 
Homo (18), and is restricted just to the lateral side 
(fig. S8). Laterally, there is a deep groove for the 
popliteus, an internal rotator of the tibia and 
stabilizer of the knee. This muscle may have 
been important in resisting internal rotation of 
the femur during stance phase. The relatively nar- 
row tibial spines on the MH2 tibial plateau sug- 
gest enhanced knee mobility (23), although this 
anatomy may also be related to the small size of 
Au. sediba (24). 

On the proximal tibia, the medial condyle is 
flat and the lateral condyle is slightly convex an- 
teroposteriorly, similar to the condition found in 
other small australopiths (specimens A.L. 129-1 
and StW 514), although the functional importance 
of this convexity is unclear (25). There appears to 
be a small notch on the lateral plateau, perhaps in- 
dicating the presence of a double meniscus attach- 
ment and thus possibly greater osteoligamentous 


DAustralopithecus (n=5) 
@ Early Homo (n=3) 
Homo sapiens (n=32) 
DU.W. 88-63 
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ommended in (18). Note the extreme lateral patellar lip in MH2. 
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control over rotation at the knee as in Homo prox- 
imal tibiae (26). However, the absence of this 
notch in other australopiths does not necessarily 
imply the absence of a double insertion (27). 
The patella is small, measuring 27.1 mm wide 
mediolaterally and 13.1 mm thick anteroposte- 
riorly. It is 24.7 mm tall superoinferiorly, which 
is probably just short of the actual height, be- 
cause there is some damage to the distolateral 
aspect of the apex. The posterior part of the pa- 
tella is human-like in being strongly convex 
mediolaterally (fig. $9), with a high central keel 
separating the condylar facets medially and 
laterally. 
The most proximal 97.1 mm of the left fibula 
of MH2 is preserved as four conjoining fragments 
(fig. S10). The fibula is more gracile than modem 


Fig. 2. Hyperpronation. (A) The pedal 
bones of Au. sediba are superimposed on a 
human foot in dorsal view. These bones are 
not all from the same individual (see table 
S1 for details). We hypothesize that MH2 
would have contacted the ground along the 
lateral edge of an inverted foot. This would 
generate a ground reaction resultant (blue 
arrows) that would be positioned lateral 
to the joints of the foot, creating a large 
pronatory torque (red arrows). Although 
apes often land along the lateral edge of 
an inverted foot (30, 31), they swing their 
body mass laterally over the stance foot dur- 
ing bipedal gait, effectively producing a 
counteracting supinatory torque. Au. sediba 
had a pelvis with sagitally oriented ilia (9), 
suggesting a human-like abductor mechanism 


ape fibulae and in this respect resembles specimen 
OH 35 (fig. S11). The MH2 fibula has an osteo- 
phytic growth at the biceps femoris insertion. 


Lower Limb of MH4 


MH4, an adult or near-adult individual of un- 
known sex, is represented by two conjoining 
pieces of a tibia described previously (7). Here 
we provide an estimated total length, possible 
because the proximal tibia, though not recov- 
ered, has left a natural cast of its anterior sur- 
face in the calcified sediment (fig. $12). We 
estimate total tibial length at approximately 
271 mm, with a possible range of 267 to 275 mm, 
depending on the degree of proximal tibial retro- 
version and the proximal projection of the tib- 
ial spines. 


and in turn suggesting a medially positioned center of mass relative to the stance leg (illustrated by the 
large blue arrow at bottom left). This position of the center of mass would exacerbate the pronatory torque 
at the subtalar, midtarsal, and tarsometatarsal joints. (B) Excessive pronation on a weight-bearing foot 
(curved red arrow) causes a chain of rotatory movements proximal to the foot. The tibia internally rotates 
(green arrow) as the talus plantarflexes and adducts. The femur also internally rotates [(42, 43); curved blue 
arrow], increasing the lateral deviation of the patella (small blue arrow). Pronation at the foot causes an 
anterior pitch of the center of mass [(34, 43); black arrow], counteracted by hyperlordosis of the lumbar 
region (6). Au. sediba possesses anatomies that are adaptive to, or consequences of, these motions. 


Fig. 3. Skeletons of Au. sediba: 
left, MH1 (pictured with MH4 
tibia); right, MH2. Several anat- 
omies of these skeletons are con- 
sistent with a hyperpronating gait. 
The base of the fourth metatarsal is 
convex, indicating that the midfoot 
was hypermobile. The medial malle- 
olus and talar head are hypertrophied, 
reflecting loading of an inverted foot 
and mobility at the talonavicular 
joint, respectively. The rearfoot is in 
an inverted position, a risk factor 
for hyperpronation in modern hu- 
mans. Hyperpronators internally ro- 
tate the femur and tibia and are at a 
greater risk for patellar dislocation. 


Anatomies 
consistent with 
hyperpronation 


The high lateral patellar lip reduces the risk of patellar subluxation. Osteophytes on the origin of the rectus 
femoris/iliofemoral ligament proximal attachment and insertion of the biceps femoris indicate soft tissue 
strain: possible consequences of a hyperpronating gait. MH2 has elevated lumbar lordosis (6), perhaps to 
compensate for the excessive anterior pitch of the center of mass common in hyperpronators. 
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The Kinematics of Walking in Au. sediba 
The anatomy of the foot (7), spine (6), pelvis (9), 
and knee (this paper) indicate that Au. sediba 
was an obligate biped. Based primarily on the 
lower limb, pelvic, and vertebral morphology of 
MH2, and to a lesser extent on the pedal mor- 
phology of MH1, we propose that Au. sediba was 
a hyperpronator (28) with exaggerated medial 
weight transfer during the stance phase of ter- 
restrial bipedalism (Fig. 2). Modern human hy- 
perpronators serve as a kinematic reference 
model for this gait and its musculoskeletal con- 
sequences. We suggest that MH2 expressed this 
kinematic variation, and Au. sediba did with reg- 
ular frequency, although the hypothesis that the 
entire species walked in this manner will re- 
quire further testing with additional fossil ma- 
terial (/4). 

At heel strike of bipedal locomotion, humans 
commonly have a slightly supinated rearfoot and 
forefoot, which are passively driven by the ground 
reaction force into pronation of the subtalar and 
more distal joints during the subsequent mid- 
stance phase of walking. Video and plantar pres- 
sure data reveal that apes contact the ground with 
the heel (29) and often the lateral midfoot simul- 
taneously in what has been termed “inverted heel- 
strike plantigrady” (30, 3/). The abducted hallux 
serves a stabilizing role during quadrupedal 
walking in apes, contributing little to propulsion 
(3/). The divergent hallux is suggested to have 
served a similar stabilizing role during bipedal 
walking in Ardipithecus ramidus (32). 

In a small percentage of modern humans, 
the foot is excessively inverted (termed forefoot 
and/or rearfoot varus) during the swing phase of 
walking, resulting in heel strike with the foot in 
a highly supinated posture, with ground contact 
established along the lateral border of the heel 
and forefoot (33). Contact between the ground 
and the lateral side of the foot introduces a large 
pronatory torque around the subtalar and more 
distal joints, which drives the foot into prona- 
tion (33, 34). As the foot is driven into pronation, 
there are high medially directed torques that can 
not only cause excess loading on the bones of 
the medial column of the foot (35) but also stress 
the soft tissues, such as the ligaments supporting 
the medial longitudinal arch and the muscles 
whose tendons insert plantomedially, particularly 
the tibialis anterior and tibialis posterior. Plantar 
fasciitis, medial tibial stress syndrome (shin splints), 
and tibial stress fractures are therefore common 
injuries experienced by late and hyperpronating 
modern humans (34). Although hyperpronation 
can have pathological consequences in modern 
humans, we are proposing here that the skeleton 
of Au. sediba reveals a suite of anatomies that 
are adaptive for, or consequences of, this kind of 
walking (Fig. 3). 

Reconstruction of the conjoined elements of 
the rearfoot of MH2 demonstrates that the calca- 
neus had an inverted set (fig. $13), which is a 
contributing factor to hyperpronation in modem 
humans (36). However, the inverted heel itself 
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would not necessarily produce a pronatory torque, 
because there is considerable variation in the 
position of the subtalar joint axis relative to the 
ground reaction force location (37). MH2 also 
had a gracile calcaneal tuber (7), with a supe- 
riorly positioned lateral plantar process, which 
reduced the surface area of the plantar aspect of 
the heel in Au. sediba and would have reduced 
the effectiveness of the subcalcaneal heel pad 
(based on size information rather than material 
properties), which has been shown to dissipate 
peak stress during heel strike (38). To compensate, 
we hypothesize that Au. sediba landed simul- 
taneously on the heel and along the lateral foot 
at touch down, in much the same way that A fri- 
can apes walk (inverted heel-strike plantigrady) 
(3/). This is achievable in a bipedal hominin 
that has full knee extension by slightly increas- 
ing normal plantarflexion angle during foot con- 
tact. Because of the wider midfoot and forefoot, 
landing along the lateral side of an inverted foot 
would provide a large moment arm around the 
midtarsal and tarsometatarsal joints that would 
also transfer to the subtalar joint. Thus, a large 


pronatory torque would drive the foot into pro- 
nation (Fig. 2). There is suggestive evidence for 
excessive pronation in the Au. sediba tarsals. An 
elevated degree of pronation is possible in Au. 
sediba, because the subtalar joint has a high ra- 
dius of curvature and is therefore quite mobile 
and capable of an extreme range of motion (7). 
The relatively large talar head of MH2 (7) may 
signal elevated talonavicular mobility, especially 
because this joint is central to midfoot pronation 
in humans (39). 

Landing on an inverted foot would also load 
the medial portion of the tibiotalar joint and in- 
troduce a shear force across the medial malleolus. 
This may explain the form of the medial malleoli 
of both MH2 and MH4, which are mediolaterally 
thicker than those of other fossil hominins or 
modern humans (7). However, pronation does 
not occur at the tibiotalar joint but at the subtalar 
joint and joints of the midfoot. As the foot is 
driven into pronation by a high pronatory torque, 
the more distal parts of the medial foot would be 
excessively loaded (35), A foot adapted for this 
kind of locomotion may therefore be expected to 


Table 1. Evidence for hyperpronation in Au. sediba. 


Hyperpronating biomechanics 


Anatomical predictions 


Morphology in Au. sediba 


Initial ground contact on an 
inverted foot, resulting in 
high medially directed 
forces on tibiotalar joint 

Excessive pronation at 
subtalar joint 

Excessive pronation at 
midtarsal joints and 
tarsometatarsal joints 

Increased strain on soft 
tissue of medial foot 


Increased mobility at 
subtalar joint 

Mobile midfoot in 
coronal plane 


Increased strain on foot 
bones distally and 


medially phalanges 


Lowered arch and 
increased midfoot mobility 
bones of midfoot 


Increased knee mobility 


stabilizers, such as 


Inverted calcaneus and 
thick medial malleolus 


Components of medial arch, 
plantar aponeurosis (if 
present), and tibialis 
posterior tendon under stress 


Increased sagittal plane 
dorsiflexion evident in 


Greater rotatory capacity 
and greater role for knee 


Calcaneus in inverted set and 
predicted forefoot in varus 
set; thickest medial malleoli 
of any known hominin. 

High radius of curvature 
of talar facet on calcaneus. 

Greatly enlarged talar head, 
suggestive of talonavicular 
mobility. 

Currently unknown. Predicted 
robust navicular tuberosity; 
reduced metatarsophalangeal 
joint extension if plantar 
aponeurosis taut. 


Increased robusticity of medial Currently unknown. Predicted to 
tarsals, metatarsals, and 


be relatively robust medially; 

if partially divergent, hallux 
could also help counter pronatory 
torque. 

Convex surface to base of fourth 
metatarsal indicative of midtarsal 
break; predicted concavity of 
metatarsal facets on cuboid. 

Tibial spines close together 
and enlarged popliteal 
groove on distal femur. 


popliteus and biceps femoris 


Increased internal 
rotation of femur 
knee joints 


Increased risk of patellar 
subluxation 
Anterior tilt of the pelvis 


Bony adaptations for 
patellar retention 


Increased strain on muscles 
crossing both hip and 


Increased lumbar lordosis 


Osteophytic growths on both origin for 
rectus femoris and insertion of 
biceps femoris. Predicted to 
have enlarged origin on the anterior 
superior iliac spine for sartorius. 

Highest lateral patellar lip of 
any known hominin. 

Last lumbar vertebra has very 
high wedging angle. 
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exhibit increased mechanical reinforcement of 
bones in the medial portion of the foot. We pre- 
dict that, if additional foot elements are recovered, 
we will see greater joint and diaphyseal robus- 
ticity in medial relative to lateral tarsals, meta- 
tarsals, and phalanges (Table 1). 

During midstance, the foot is more mobile 
and better able to conform to its substrate. In hy- 
perpronators, the talus adducts and plantarflexes 
excessively, dropping the longitudinal arch and 
contributing to hypermobility of the midfoot. Al- 
though we hypothesize that Au. sediba pos- 
sessed an arched foot (7) (fig. S14), there is also 
evidence for midfoot mobility. A right fourth 
metatarsal, possibly from MH1, has a highly con- 
vex base dorsoplantarly, suggesting the presence 
of midfoot flexion or a “midtarsal break” (40). 
Other hominin fourth metatarsal bases from 
Au. afarensis, Au. africanus, and the OH 8 foot 
are human-like and do not exhibit evidence for 
a midtarsal break (Fig. 4) (40, 4/). The con- 
vexity of the Malapa fourth metatarsal is thus 
unexpected and implies more mobility at the 
lateral tarsometatarsal joint in this hominin than 
in any other. We suggest that the seemingly con- 
tradictory anatomies in the foot of Au. sediba 
(possession of an arched foot and long plantar 
ligament together with midfoot mobility) can 
only be explained in the context of a bipedal foot 
that hyperpronates when weight-bearing (/4). 

In modern humans, excessive pronation may 
have damaging effects in lower limb joints prox- 
imal to the foot. In hyperpronators, the tibia and 
femur both internally rotate excessively (42, 43) 
under a patella that is relatively fixed by the 
rectus femoris attachment to the anterior inferior 
iliac spine (AIIS) as the quadriceps femoris con- 
tracts to extend the leg during toe-off (34). Be- 
cause this occurs late in the gait cycle, during 
knee extension, the patella is pulled laterally, 
and thus hyperpronators are at risk for both 
patellofemoral pain (44) and patellar subluxation 
(45, 46). A hominin bony adaptation that helps 
prevent patellar subluxation is a raised lateral lip 
of the distal femur (2/, 22). The extreme lateral 
patellar lipping of MH2 (Fig. 1) (figs. S7 and 
S8) may be an adaptation to resist injurious lat- 
eral translation of the patella during hyperprona- 
tion of the foot and resulting internal rotation of 
the tibia and femur during late stance phase. 
This skeletal adaptation in Au. sediba may also 
implicate a reduced or absent vastus medialis 
obliquus in counteracting lateral translation of 
the patella. The fact that a lateral lip is present at 
birth (/7, 78) can be extrapolated to indicate that 
the species Au. sediba (and not just MH2) was 
adapted for this kind of locomotion (/4). Fur- 
thermore, the large popliteal groove present on 
the MH2 femur may indicate strong muscular 
involvement in counteracting the internal rota- 
tion of the femur on a fixed tibia, because the 
popliteus acts as an external rotator of the femur 
during stance phase. 

Hyperpronation drives the entire leg medially 
during stance phase and may strain any muscle 
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Fig. 4. The fourth metatarsal. (Left) Curvature of the base of the fourth metatarsal in fossil hominins, 
humans, apes, and monkeys (40). Humans and most fossil hominins, including Au. afarensis (41), have 
flat bases, consistent with a stiff and immobile midfoot. The Au. sediba fourth metatarsal has a convex 
base. [The box-and-whiskers plot shows the median (vertical line), upper and lower quartiles (box), range 
(whiskers), and outliers (circles) for each group.] (Right) Digital renderings of the fourth metatarsal in 
medial view, illustrating the dorsoplantarly curved base morphology in apes and Au. sediba and the flat 


base in other hominins and in modern humans. 


crossing both the knee and the hip joints (e.g., 
the rectus femoris), particularly those inserting 
laterally in the leg (e.g., the long head of the 
biceps femoris). As previously mentioned, the 
insertion for the biceps femoris on the proximal 
fibula is osteophytic, indicative of elevated strain 
on this insertion area (fig. S10). The MH2 ilium 
has an unusually large and projecting AIIS (fig. 
$15), suggesting that the rectus femoris (and/or 
iliofemoral ligament) was under considerable 
strain during gait. As the femur internally rotates 
and adducts, the AIIS will be stressed by exces- 
sive stretching of the rectus femoris tendinous 
origin. Finally, hyperpronators experience an an- 
terior pitch of the center of mass relative to the 
hip joint (43), requiring compensatory hyper- 
lordosis to shift the center of mass posteriorly 
back over the hip joints, often resulting in lower 
back pain (34). The last lumbar vertebra of Au. 
sediba has very high dorsal wedging, suggest- 
ing elevated lordosis (6), which may have adapted 
this species to the challenges of being a hyper- 
pronating biped. 

Although we find the evidence compelling that 
Au. sediba, or at least MH2, was a hyperpronat- 
ing biped (Fig. 3 and Table 1), the selective 
advantage of this form of bipedality is unclear. 
There is little evidence that other known austra- 
lopiths were hyperpronators, because the pecu- 
liar anatomies of the Au. sediba foot, knee, and 
hip are not found in earlier australopiths. Recent 
work on the Laetoli footprints (47, 48) suggests 
that although the makers of the prints (presum- 
ably Au. afarensis) walked with a human-like 
gait, they had slightly less medial weight transfer. 
The hallux of Au. afarensis is domed and robust 
(49), indicating that weight transfer was more 
human-like than ape-like, but there probably were 
at least subtle differences in how Au. afarensis 
walked as compared to most modern humans. 
We hypothesize that terrestrial bipedalism in Au. 
sediba also differed subtly from that in most 
humans today, with Au. sediba engaging in more 
weight transfer on to the medial foot (hyper- 


1232999-4 


pronation) rather than less, as may have been the 
case with Au. afarensis. 

Our interpretation of Malapa skeletal morphol- 
ogy extends the variation in Australopithecus 
locomotion. As suggested by others (7, /2, /3), 
there were different kinematic solutions for being 
a bipedal hominin in the Plio-Pleistocene. The 
MH2 skeleton provides insight into one of those 
potential solutions: hyperpronation. This mode 
of locomotion may be a compromise between 
an animal that is adapted for extended knee bi- 
pedalism and one that either still had an arboreal 
component or had re-evolved a more arboreal 
lifestyle from a more terrestrial ancestor. There 
is some postcranial evidence that the South Afri- 
can species Au. africanus may have been more 
arboreal than the east African Au. afarensis (50, 51), 
and a hypothesized close relationship between 
Au. africanus and Au. sediba (1, 11), along with 
features in the upper limbs of the latter thought 
to reflect adaptations to climbing and suspension 
(3, 4), is consistent with a retained arboreal com- 
ponent in the locomotor repertoire of Au. sediba. 
Pronation is an important foot motion that shifts 
weight onto the medial side of the foot in climb- 
ing apes (52, 53) and serves a role in weight transfer, 
shock absorption, and negotiation of uneven sub- 
strates during human bipedal gaits. An animal 
that was adapted to do both reasonably well may 
have had to support an increasingly mobile foot 
by evolving a large mobile medial column and 
important stabilizing anatomies at the knee and 
hip, in order to survive in these dual worlds. 
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Experimental Observation of the 
Quantum Anomalous Hall Effect 
in a Magnetic Topological Insulator 


Cui-Zu Chang,** Jinsong Zhang,’* Xiao Feng,”** Jie Shen,* Zuocheng Zhang,’ Minghua Guo,* 
Kang Li,” Yunbo Ou,” Pang Wei,” Li-Li Wang,” Zhong-Qing Ji,” Yang Feng,” Shuaihua Ji,” 
Xi Chen,” Jinfeng Jia,’ Xi Dai,” Zhong Fang,” Shou-Cheng Zhang,” Ke He,*t Yayu Wang,’t Li Lu,” 


Xu-Cun Ma,” Qi-Kun Xue"t 


The quantized version of the anomalous Hall effect has been predicted to occur in magnetic 
topological insulators, but the experimental realization has been challenging. Here, we report the 
observation of the quantum anomalous Hall (QAH) effect in thin films of chromium-doped (Bi,Sb)2Tes, 
a magnetic topological insulator. At zero magnetic field, the gate-tuned anomalous Hall resistance 
reaches the predicted quantized value of h/e*, accompanied by a considerable drop in the longitudinal 
resistance. Under a strong magnetic field, the longitudinal resistance vanishes, whereas the Hall 
resistance remains at the quantized value. The realization of the QAH effect may lead to the 


development of low-power-consumption electronics. 


jhe quantum Hall effect (QHE), a quan- 
| tized version of the Hall effect (/), was 
observed in two-dimensional (2D) elec- 


tron systems more than 30 years ago (2, 3). In 
QHE, the Hall resistance, which is the voltage 


Fig. 1. Sample struc- A 
ture and properties. (A) 
A schematic drawing de- 
picting the principle of 
the QAH effect in a TI 
thin film with ferromag- 
netism. The magnetization 
direction (M) is indicated 
by red arrows. The chem- 
ical potential of the film 
can be controlled by a 
gate voltage applied on 
the back side of the di- 
electric substrate. (B) A 
schematic drawing of the 
expected chemical poten- c 
tial dependence of zero 
field Gy [6,(0), in red] 
and 6y, [o,,{0), in blue] 
in the QAH effect. (C) An 
optical image of a Hall 
bar device made from a 
Cro.15(Bip.1Sbo.9)1.asTe3 
film. The red arrow indi- 
cates the current flow 
direction during the mea- 
surements. The light gray 
areas are the remained 
film, and the dark gray 
areas are bare substrate 
with the film removed. 
The black areas are the 
attached indium elec- 


bare substrate 


indium electrode 


across the transverse direction of a conductor 
divided by the longitudinal current, is quantized 
into plateaus of height h/ve’, with h being Planck’s 
constant, e the electron's charge, and v an integer 
(2) or a certain fraction (3). In these systems, the 


The lowest sub-bands 
with broken TRS ---=---- Fermi level 


Pp, (KQ) 


film 


QHE is a consequence of the formation of well- 
defined Landau levels and thus only possible in 
high-mobility samples and strong extemal mag- 
netic fields. However, there have been numerous 
proposals to realize the QHE without applying 
any magnetic field (4-//). Among these propo- 
sals, using the thin film of a magnetic topological 
insulator (TI) (6-9, 1/), a new class of quantum 
matter discovered recently (/2, 13), is one of the 
most promising routes. 

Magnetic field—induced Landau quantization 
drives a 2D electron system into an insulating 
phase that is topologically different from the 
vacuum (/4, /5); as a consequence, dissipation- 
less states appear at sample edges. The topolog- 
ically nontrivial electronic structure can also occur 
in certain 2D insulators with time reversal sym- 
metry (TRS) broken by current loops (4) or by 
magnetic ordering (6), requiring neither Landau 
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trodes. (D) Magnetic field dependence of p,, curves of the Crois(Bip1Sbo)1ssTe3 film measured at different temperatures (from 80 K to 1.5 K). The inset 


shows the temperature dependence of zero field p,,, which indicates a Curie temperature of ~15 K. 
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levels nor an external magnetic field. This type 
of QHE induced by spontaneous magnetization 
is considered the quantized version of the con- 
ventional (nonquantized) anomalous Hall effect 
(AHE) discovered in 1881 (/6). The quantized 
Hall conductance is directly given by a topo- 
logical characteristic of the band structure called 
the first Chem number. Such insulators are called 
Chern insulators. 

One way to realize a Cher insulator is to start 
from a time-reversal-invariant TI. These mate- 
rials, whose topological properties are induced 
by spin-orbit coupling, were experimentally re- 
alized soon after the theoretical predictions in 
both 2D and 3D systems (/2, /3). Breaking the 
TRS of a suitable TI (/7) by introducing ferro- 
magnetism can naturally lead to the quantum 
anomalous Hall (QAH) effect (6-9, //). By tuning 
the Fermi level of the sample around the mag- 
netically induced energy gap in the density of states, 
one is expected to observe a plateau of Hall 
conductance (6,,) of e/h and a vanishing lon- 
gitudinal conductance (6,,) even at zero mag- 
netic field [figure 14 of (7) and Fig. 1, A and B]. 

The QAH effect has been predicted to occur 
by Mn doping of the 2D TI realized in HgTe 
quantum wells (8); however, an external mag- 
netic field was still required to align the Mn mo- 
ments in order to realize the QAH effect (/8). As 
proposed in (9), due to the van Vleck mechanism 
doping the Bi,Te; family TIs with isovalent 3d 
magnetic ions can lead to a ferromagnetic insu- 
lator ground state and, for thin film systems, this 
will further induce the QAH effect if the mag- 
netic exchange field is perpendicular to the plane 
and overcomes the semiconductor gap. Here, we 
investigate thin films of Cro js(Bip,;Sbo9);.s5sTes 
(79, 20) with a thickness of 5 quintuple layers 
(QL), which are grown on dielectric SrTiO; (111) 
substrates by molecular beam epitaxy (MBE) 
(20, 21) (fig. S1). With this composition, the 
film is nearly charge neutral so that the chem- 
ical potential can be fine-tuned to the electron- or 
hole-conductive regime by a positive or nega- 
tive gate voltage, respectively, applied on the 
backside of the SrTiO; substrate (20). The films 
are manually cut into a Hall bar configuration 
(Fig. 1C) for transport measurements. Varying 
the width (from 50 tm to 200 um) and the as- 
pect ratio (from 1:1 to 2:1) of the Hall bar does 
not influence the result. Figure 1D displays a 
series of measurements, taken at different tem- 
peratures, of the Hall resistance (p,,.) of the sam- 
ple in Fig. 1C, as a function of the magnetic field 
(uo). At high temperatures, p,, exhibits linear 
magnetic field dependence due to the ordi- 
nary Hall effect (OHE). The film mobility is 
~760 cm?/Vs, as estimated from the measured 
longitudinal sheet resistance (p,.) and the carrier 
density determined from the OHE. The value is 
much enhanced compared with the samples in 
our previous study (20, 2/), but still much lower 
than that necessary for QHE (2, 3). With decreas- 
ing temperature, p,, develops a hysteresis loop 
characteristic of the AHE, induced by the ferro- 


magnetic order in the film (22). The square-shaped 
loop with large coercivity (H, = 970 Oersted at 
1.5 K) indicates a long-range ferromagnetic or- 
der with out-of-plane magnetic anisotropy. The 
Curie temperature is estimated to be ~15 K (Fig. 
1D, inset) from the temperature dependence of 
the zero field p,,. that reflects spontaneous mag- 
netization of the film. 

Figure 2, A and C, shows the magnetic field 
dependence of p,, and p,,, respectively, mea- 
sured at T= 30 mK at different bottom-gate 
voltages (Vs). The shape and coercivity of the 
Px hysteresis loops (Fig. 2A) vary little with V,, 
thanks to the robust ferromagnetism probably 


30.mK........, 
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mediated by the van Vleck mechanism (9, 20). 
In the magnetized states, p,,. is nearly indepen- 
dent of the magnetic field, suggesting perfect 
ferromagnetic ordering and charge neutrality of 
the sample. On the other hand, the AH resist- 
ance (height of the loops) changes dramatically 
with V, with a maximum value of hie around 
V,=—1.5 V. The magnetoresistance (MR) curves 
(Fig. 2C) exhibit the typical shape for a ferro- 
magnetic material: two sharp symmetric peaks 
at the coercive fields. 

The V, dependences of p,, and p,. at zero 
field [labeled p,.,(0) and p,,(0), respectively] are 
plotted in Fig. 2B. The most important obser- 


iv) 
= 


p,(0), p,,(0) (hle*) 


=I 
a 


° 
o 
li 


i] 
S 


o 
a 


@,,(0), ¢,,(0) (e/h) 


ny 


4 
o 


v, ) 


Fig. 2. The QAH effect measured at 30 mK. (A) Magnetic field dependence of p,, at different V,s. 
(B) Dependence of py,(0) (empty blue squares) and p,,(0) (empty red circles) on V,. (C) Magnetic field 
dependence of p,, at different V,s. (D) Dependence of 6,,(0) (empty blue squares) and o,,(0) (empty 
red circles) on Vg. The vertical purple dashed-dotted lines in (B) and (D) indicate the V, for Vj. A 
complete set of the data is shown in fig. $3. 
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Fig. 3. The QAH effect under strong magnetic field measured at 30 mK. (A) Magnetic field 
dependence of py, at Vp. (B) Magnetic field dependence of p,, at VP. The blue and red lines in (A) and 
(B) indicate the data taken with increasing and decreasing fields, respectively. 
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vation here is that the zero field Hall resistance 
exhibits a distinct plateau with the quantized val- 
ue h/e”, which is centered around the gate volt- 
age V, =—1.5 V. This observation constitutes the 
discovery of the QAH effect. According to the 
OHE measurements, the maximum of Pp, is 
always located at the charge neutral point ( VQ) 
(20, 21). Accompanying the quantization in p,,., 
the longitudinal resistance p,.(0) exhibits a sharp 
dip down to 0.098 h/e?. The P)x(0)/px.(0) ratio 
corresponds to a Hall angle of 84.4°. For com- 
parison with theory, we transform p,,(0) and 
Px.(0) into sheet conductance through the rela- 
tions Oy. = Pyx/(Pyx” + Pax’) ANd Gye = Pux/(Pyx + 
Px”) and plot them in Fig. 2D. Around V2, 6(0) 
has a notable plateau at 0.987 e7/h, ‘whereas 
©,,(0) has a dip down to 0.096 e’/h, similar to 
the behavior of the corresponding resistances. 
In addition to the observation of the QAH 
effect, the MR ratio {[p.(He) — P(O)V/Px(0)} is 
dramatically enhanced at Ve to a surprisingly 
large value of 2251% (Fig. 2C and fig. $3). The 
huge MR can also be understood in terms of the 
QAH phenomenology. In the magnetized QAH 
state, the existence of dissipationless edge state 
leads to a nearly vanishing p,, (2/). At the coer- 
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cive field, the magnetization reversal of a QAH 
system leads to a quantum phase transition be- 
tween two QH states (7) via a highly dissipative 
phase with a large p,,, although the exact mech- 
anism may be complex (23). The huge MR thus 
reflects the distinct difference in transport prop- 
erties between an ordinary insulator and a QAH 
insulator. 

For a QH system (2, 3), when the Fermi 
level lies in the gap between Landau levels, 6, 
reaches a plateau at ve’/h and o,, drops to zero. 
If the system contains nonlocalized dissipative 
conduction channels, o,, has a nonzero value, 
whereas 6,, deviates slightly from the quantized 
plateau (2 24). For a QAH system, only one o,,, 
plateau of e/h appears at zero field when the 
Fermi level falls in the mobility edges around 
the magnetically induced gap (Fig. 1B). The ob- 
servations of 6,,(0) = e*/h plateau and the dip in 
6,(0) near the charge neutral point in Fig. 2D 
thus agree with the theoretical prediction for a 
QAH system with residual dissipative channels. 
The channels are expected to vanish completely 
at zero temperature (//, 24), 

To confirm the QAH effect observed in Fig. 2, 
we apply a magnetic field, aiming to localize all 
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Fig. 4. Temperature dependence of the QAH effect on a different sample. (A) V,-dependent p,x 
(0) and p,,(0) measured at 90 mK, 400 mK, 1.5 K, and 4 K, respectively. The vertical purple dashed- 
dotted line indicates the V, for Vj. The variation in the position and width of the p,,(0) peak at different 
temperatures results from the change in substrate dielectric properties induced by temperature and 
charging cycles. (B) Dependences of logarithmically scaled o,,(0) (empty red circles) and 50,,(0) (empty 
blue squares) at ve on inverse temperature. The dashed lines are a guide to the eye. (C) The relation 
between 6,,(0) and On(0) at Vj in double logarithmic scale. The red dashed line indicates the fit with 


a power law S6,, °C 6," with a ~ 1.55. 
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possible dissipative states in the sample. Figure 3, 
A and B, displays the magnetic field dependence 
of px and p,, of the same sample as in Fig. 2, 
respectively. Except for the large MR at H,, in- 
creasing the field further suppresses p,, toward 
zero. Above 10 T, p,. vanishes completely, cor- 
responding to a perfect QH state. It is note- 
worthy that the increase in p,, from zero (above 
10 T) to 0.098 h/e* (at zero field) is very smooth 
and p,, remains at the quantized value h/e’, 
which indicates that no quantum phase transi- 
tion occurs, and the sample stays in the same 
QH phase as the field sweeps from 10 T to zero 
field. Therefore, the complete quantization above 
10 T can only be attributed to the same QAH 
state at zero field. 

The observation of the QAH effect is further 
supported by the behavior with varying temper- 
atures. In Fig. 4A, we show V, dependences of 
P)x(0) and p,(0) measured at different temper- 
atures in another sample with the same growth 
conditions. The p,,(0) always exhibits a single 
maximum, with the peak value considerably sup- 
pressed by increasing temperatures, accompa- 
nied by the disappearance of the dip in p,,(0). 
The 6,,(0) extracted from these measurements 
(in logarithmical scale) (Fig. 4B) exhibits a tem: 
perature dependence similar to that in integer QH 
systems: The drop of 6,, is at first rapid, resulting 
from the freezing of the thermal activation mech- 
anism, and then becomes much slower when the 
temperature is below | K. It can be attributed to 
variable range hopping (VRH) (24), but its exact 
mechanism remains unknown. Similar to the 
QHE, zero field o,, is expected to decrease to 
zero at sufficiently low temperature. In Fig. 4C, 
we plot the relation between o,,(0) and 56,,(0) 
(60, = & */h — 6, Which reflects the contribution 
of dissipative channels). A power law relation 
60, © 6, with @ ~ 1.55 is obtained. For a fer- 
romagnetic insulator in the VRH regime, the 
AH conductivity is related to the longitudinal 
conductivity through 64;; = Ao,," [the power a 
is ~ 1.6; the prefactor A can be positive or neg- 
ative depending on materials (22)]. The above 
result can thus be qualitatively understood with- 
in the VRH framework. 

Our results demonstrate the realization of 
the QAH effect in magnetic TIs. Compared with 
QHE systems, all the samples studied in this 
work have a rather low mobility (<1000 cm7/Vs). 
Such robust QAH states not only reflect the top- 
ological character of Tis but also make the QAH 
systems readily achievable in experiments. Be- 
cause the realization of the QAH effect and 
dissipationless edge states does not require any 
magnetic field, the present work paves a path for 
developing low-power-consumption, topological 
quantum electronic and spintronic devices. 
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Evidence for Two Distinct Populations 
of Type la Supernovae 


Xiaofeng Wang,’* Lifan Wang,” Alexei V. Filippenko,* Tianmeng Zhang,° Xulin Zhao” 


Type la supernovae (SNe la) have been used as excellent standardizable candles for measuring 
cosmic expansion, but their progenitors are still elusive. Here, we report that the spectral diversity 
of SNe la is tied to their birthplace environments. We found that those with high-velocity ejecta 

are substantially more concentrated in the inner and brighter regions of their host galaxies than 
are normal-velocity SNe la. Furthermore, the former tend to inhabit larger and more luminous 
hosts. These results suggest that high-velocity SNe la likely originate from relatively younger and 
more metal-rich progenitors than do normal-velocity SNe la and are restricted to galaxies with 


substantial chemical evolution. 


most energetic and relatively uniform stel- 

lar explosions in the universe and were used 
to discover its accelerating expansion (/, 2). They 
are thought to originate from a thermonuclear 
explosion of an accreting carbon-oxygen (C-O) 
white dwarf (WD) near the Chandrasekhar mass 
limit [Mcy, = 1.4 solar mass (Mq)] ina close binary 
system (3, 4). Two competing scenarios have been 
proposed for the progenitor systems: single- 
degenerate (SD) (5, 6) and double-degenerate 
(DD) models (4, 7). In the former, the mass- 
donating star could be a main-sequence (MS)/ 
subgiant star (8), a red-giant star (RG) (9), or even 
a helium star (70, 77), whereas it is another WD 
in the latter scenario (4, 7). Recent results suggest 
that both scenarios are possible (/2-/8). 

There is increasing evidence for spectral di- 
versity among SNe Ia. Of particular interest are 
those showing higher expansion velocities as 
inferred from the blueshifted Si II 615-nm feature 
in optical spectra (/9). These fast-expanding SNe 
Ja also generally exhibit a steep Si II temporal 


Te Ta supernovae (SNe Ia) are among the 
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velocity gradient (20). This spectral difference in 
velocity or velocity evolution of the ejecta has 
been proposed to be a geometric effect of an 
asymmetric explosion (2/, 22). Given a common 
origin for SNe Ia having different ejecta velocities, 
they should be found in similar stellar environ- 
ments. This can be tested by examining SN po- 
sitions in their hosts, the surface brightness at 
these locations, and the properties of their hosts. 

We conducted such an analysis with a well- 
defined SN sample having 188 SNe Ia (supple- 
mentary text S1) from the Lick Observatory 
Supemova Search (LOSS) (23). The SN Ia sam- 
ple consists of 123 “Branch-normal” (spectro- 
scopically normal) objects (24), 30 peculiar 
ones of the SN 1991 bg variety (25), 13 peculiar 
ones such as SN 1991T (26, 27), and 7 peculiar 
ones such as SN 2002cx (28), with respective 
fractions of 65.4, 16.0, 6.9, and 3.7% (table S1). 
There are 15 SNe Ia (8.0% of all) that cannot be 
subclassified because of an absence of early-time 
spectra. We concentrated on the Branch-normal 
SNe Ia, which are thought to be relatively uni- 
form. We obtained the main parameters of the 
host galaxies from two large online astronom- 
ical databases: the NASA/Infiared Processing and 
Analysis Center (IPAC) Extragalactic Database 
(NED) (29) and HyperLeda (30). 

The location of a SN in its host galaxy can be 
estimated by the radial distance of the SN from 
the nucleus (Rsn). Assuming that the galaxies are 
circular disks and only appear to have different 
major and minor axes because of their inclina- 
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tion, Rsy can be calculated if we know the po- 
sition angle and the axial ratio of each galaxy. 
The radius of the galaxy (R,q1) is simply the semi- 
major axis at the 25.0 B-mag are sec ~ isophote. 
The ratio Rsn/Rgi is then the fractional radial 
distance of the SN. For SNe Ia in elliptical gal- 
axies, no tilt correction is applied because these 
galaxies can be regarded as spheroids. The typ- 
ical host galaxy of our sample (fig. $1) has a 
major axis of about 1.3’ to 1.4’ and can be mea- 
sured with a precision of ~0.1’. This results in a 
typical uncertainty of ~0.05 in the determination 
of Rsy/Reat- 

We measured the velocity of the Si II 615-nm 
line for 165 SNe Ia (out of 188) by using the pub- 
lished spectral data sets (3/-33). We normalized 
this velocity to the maximum-light value with a 
series of templates of Si II velocity evolution 
established from well-observed SNe Ia, with a 
typical uncertainty of 300 to 400 km s | (sup- 
plementary text S1 and fig. $2). 

It is clear that Branch-normal SNe Ia with 
Vsi  < 12,000 km s ' [the normal-velocity group 
(NV)] span a wide radial distribution, occurring 
at places from the innermost region to about two 
to three times the optical radius of the entire gal- 
axy. In contrast, those with vg; > 12,000 km s ! 
[the high-velocity group (HV)] are rarely found 
at large galactic radii (Fig. 1B). For example, 
only 3 out of the 40 HV SNe Ia are detected in 
regions with Rsy/Rgai > 0.7 (two of which are in 
elliptical galaxies), whereas 14 + 2 would have 
been expected at the detection rates of the NV 
SNe Ia (which are about 34 + 5% at Rgn/Rgat > 
0.7). Such a difference has a statistical signifi- 
cance of about So, highlighting the paucity of 
HV SNe Ia in outskirts of galaxies. Binning the 
data in velocity space with an interval of about 
2000 km s ' further shows a correlation between 
the ejecta velocity of SNe Ia and the locations 
in their host galaxies (Fig. 1A, gray quadrangles). 

To better understand such a birthplace versus 
ejecta-velocity relation for SNe la, it is important 
to know how the Si II velocity itself is distrib- 
uted. Most of the sample of Branch-normal 
SNe Ia clusters at velocities between 10,000 and 
12,000 km s ' (Fig. 1C), with a tail extending up 
to ~16,000 km s '. Such a velocity distribution 
can be fit by a double-Gaussian model. One com- 
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ponent, with a stronger and narrower peak at 
10,800 km s |, is responsible for the NV group, 
whereas the other component, with a weaker and 
broader peak at 13,000 km s ' accounts for the 
HV group. Adopting a velocity cut of vsj 1 = 
12,000 km s"! to divide these two groups puts 
40 SNe Ia in the HV group and 83 in the NV 
group. Accordingly, we estimate the fraction of 
the HV population to be 1/3 of the Branch-normal 
sample and 1/5 to 1/4 of the entire SN Ia sam- 
ple. The Si II velocity distinction is not sharp be- 
tween these two groups, so blending could occur 
to some extent. Nevertheless, this blending is 
small at larger velocities and will not affect the 
result that the SNe Ia with higher velocities tend 
to occur nearer the galaxy centers. 

HV SNe Ia show the highest central concen- 
tration among the samples, with 90% occurring 
in regions within Rgy/Rga < 0.7; this fraction is 
66, 77, and 89% for NV SNe Ia, SNe II, and SNe 
Ibe, respectively (Fig. 2). The contrast is even 
more apparent when examining the distribution 
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toward the galaxy center. We caution, however, 
that a higher fraction of CC SNe may be missing 
in the central regions of galaxies during LOSS be- 
cause of their lower luminosity relative to SNe Ia. 

A Kolmogoroff-Smimoff (K-S) test finds a 
probability of 0.5% that HV and NV SN Ia groups 
have a similar radial distribution in galaxies. This 
probability further decreases to 0.1% if one in- 
creases the velocity cut dividing these two groups 
from 12,000 to 13,000 km s |, Possible selection 
effects in the radial distribution have been ex- 
plored, and none can account for such a signif- 
icant discrepancy between HV and NV SN Ia 
groups (supplementary text S2 and fig. $3). 
Thus, HV SNe Ia have higher metallicities, and 
their progenitors are therefore less likely to be 
from the halo population that consists of old, 
metal-poor stars located far away from the ga- 
lactic center (34). 

Because the radial distances give only a rough 
estimate of the properties of SN progenitors, more 
sophisticated methods are necessary to provide 


HV SNe Ia in Spirals 

HV SNe Ia in Ellipticals 

NV SNe Ia in Spirals 

NV SNe la in Ellipticals 
91T-like SNe la in Spirals 
91T-like SNe Ia in Ellipticals 
91bg-like SNe Ia in Spirals 
91bg-like SNe Ia in Ellipticals 


——HV SNe la 
—— NV SNe la 
—— 9lbg-like SNe Ta 
—— 91T-like SNe Ia 


1:5 2.0 


REPORTS l 


additional constraints. A simple statistic of the 
“fractional flux” allows a measurement of how 
SNe are distributed within their hosts (35). This 
can be achieved by measuring in the host-galaxy 
images the fraction of total galaxy light contained 
in pixels fainter than or equal to the light in the 
pixel at the location of the SN. The “fractional flux” 
was obtained with the Sloan Digital Sky Survey 
(SDSS) u'g’r’-band images (36) for 64 “Branch- 
normal” SNe Ia (39 NV + 25 HV), 102 SNe II, and 
39 SNe Ibe of the entire SN sample (supplemen- 
tary text S3). 

The surface brightness of SN II locations has 
an approximately linear distribution, roughly 
tracing the distribution of the light in their hosts 
(Fig. 3). SNe Ibe seem to be more concentrated 
in brighter regions of the host galaxies, which 
is consistent with the knowledge that they arise 
in larger star-forming regions that produce more- 
massive stars. Of the SN Ia sample, the loca- 
tions of the HV group and the NV group track 
their hosts’ light differently, with a very low 


Fig. 1. Relations be- 
tween the Si II velocity 
of SNe Ia and the birth 
location in their host 
galaxies. (A) The Si Il 
velocity obtained around 
B-band maximum light 
(V°c; , ordinate) as com- 
pared with the fractional 
radial distance in the host 
galaxy (Rsy/Rga, abscissa) 
for 165 SNe la. The Branch- 
normal SNe la with v°5; y > 
12,000 km s~ (HV group), 
those with v°.; , < 12,000 
km s~* (NV group), SN 
1991T-like SNe, and SN 
19911bg4ike SNe are shown 
by red triangles, blue cir- 
cles, purple stars, and dark 
yellow squares, respec- 
tively. The SNe la in spiral 
and ellipticaV/lenticular 
galaxies are represented 
with solid and open sym- 
bols, respectively. The gray 
diamonds show the radi- 
al distances averaged in 
binned velocity space, which 


(paasasqQ) ®] INS AN+AH—— 
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are 0.63 + 0.08 in 9000 to 12,000 km s“, 0.42 + 0.06 in 
12,000 to 14,000 km s~, and 0.34 +0.06 in ~ 14,000 to 
16,000 km s7, respectively. The horizontal and vertical 
dashed lines mark the place with vs; , = 12,000 km s~ and 
with RoR, = 0.7. (B) The number distribution of the frac- 
tional radial distance. The red and blue areas are for the HV and 
NV groups of SNe la. The purple and dark yellow areas are for 
the SN 1991T-like and SN 19911bg-like SNe la. (C) The number 
distribution of near-maximum-ight Si II velocity. A double 
Gaussian function is used to fit the distribution of 123 Branch- 
normal (HV + NV) SNe la. Red and blue curves are for the high- 
velocity and normat-velocity components, with respective peaks 


centered at 13,000 and 10,800 km s~?. The black curve rep- 
resents the combined result of these two components. 
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probability (P = 0.04 in u’, 0.07 in g’, and 0.08 
in 7’) that they come from the same stellar pop- 
ulations. The NV SN Ia locations are appar- 
ently fainter than those of CC SNe (Fig. 3); the 
HV SN Ia distribution, on the other hand, is 
similar to the CC SN distribution. 

The light radii and luminosities of galaxies 
in the HV sample and the NV sample also differ 
significantly (Fig. 4). A two-dimensional K-S test 
gives a probability of 0.5% that they come from 
the same population. The mean-light radius of the 
hosts estimated for these two groups is 20.67 + 
0.83 kpe for HV and 16.61 + 0.67 kpe for NV. The 
mean absolute K-band magnitudes are —24.53 + 
0.13 mag (HV) and —24.17 + 0.10 mag (NV), 
with the HV hosts being, on average, brighter 
by about 40%. In general, the HV SNe Ia tend 
to occur in larger and more luminous hosts, and 
the fraction found in galaxies with Ry. < 15 kpe 
is very low, 15% (versus 46% for the NV coun- 
terparts). This difference is not due to an ob- 
servational bias because the host galaxies of 
these two groups do not show significantly 
different distributions in either morphologies 
or redshifts (supplementary text S4 and figs. 
S4 and S5). 

Our analysis thus reveals substantial differ- 
ences in the progenitor environments of SNe Ia 
having different Si II velocities. The HV SNe la 
are much more concentrated in regions close to 
the galaxy center and in bright regions of their 
host galaxies and also tend to reside in larger and 
more luminous hosts relative to the NV group. It 
is generally accepted that all galaxies (on average) 
have metallicities that systematically decrease 
outward from their galactic centers and that their 
global metallicities increase with galaxy size 
(39). Higher metallicity is therefore expected for 
the HV SN Ia progenitor population. Meanwhile, 
the fact that the surface brightness at HV SN Ia 
locations roughly traces the light of their host 
galaxies, as with CC SNe, suggests that the pro- 
genitor populations are relatively young. Thus, 
the HV SN Ia population may have a younger 
and more metal-rich progenitor system than that 
of the NV SN Ia population, and a larger initial 
MS mass of the exploding WD may be expected 
for the former because of the shorter evolutionary 
time needed before explosion. 

Calculations of stellar evolution show that 
both stellar mass and metallicity have substan- 
tial effects on the nature of C-O WDs that may 
become progenitors of SNe Ia. The maximum 
MS mass to form C-O WDs is found to increase 
dramatically toward higher metallicity (40); stars 
with MS masses up to 8 to 9M; produce massive 
WDs (~ 1.1 Mo) that can reach 1.4 Mg ina 
shorter time via mass transfer from a compan- 
ion star. Thus, the HV SN Ia group might repre- 
sent the young-population SNe Ia, corresponding 
to the “prompt” component with short delay times 
(41, 42), whereas the NV group may belong to 
the “older” component with long delay times. 
Five out of the 40 (12.5%) SNe Ia in the HV 
sample are in elliptical galaxies that are luminous 


Fig. 2. A plot of the cu- [ ] 
mulative fraction of our 1.0 
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Fractional Flux 
Fig. 3. Histogram distribution of the fractional flux of the host-galaxy light at the location of 
SN explosions in the u’ (left), g’ (middle), and r’ (right) bands. The diagonal black lines represent 
the case that the SN progenitors follow exactly the distribution of galaxy light. 


(table S1 and fig. S4) and massive. However, 
among these, some (such as SN 2002dj and SN 
2000B) show dust structure and molecular gas 
(43, 44), which is suggestive of recent or ongoing 
star formation in them; they do not contradict 
the conclusion that HV SNe Ia likely arise from 
young stellar populations. 

Having young and metal-rich progenitors may 
explain the numerous recent detections of cir- 
cumstellar medium (CSM) signatures among HV 
SNe la. Time-variable absorption features of the 
Na I doublet (D1 589.6 nm and D2 589.0 nm), 
which is likely suggestive of changes in CSM 
ionization due to a variable SN radiation field, 
have been reported for a few SNe Ia such as 
SNe 2006X, 2007le, and 1999cl (/2, 45, 46). A 
common feature of these SNe Ia is that they be- 
long to the HV subclass (table S1). Additionally, 
the velocity structure of the line-of-sight Na I lines 
provides another possible diagnostic of CSM 


around SNe. A trend of blueshifts was found 
among SNe Ia according to a study of Na I ab- 
sorption lines of a larger SN sample (/3). It was 
noticed, however, that the SNe Ia with a blue- 
shifted absorption feature generally have higher 
Si II velocities (47). This evidence is consistent 
with their systematically redder color around 
maximum light (perhaps because of additional 
CSM absorption) relative to the NV population 
(79) and can be understood in terms of an em- 
pirical metallicity dependence of mass outflow 
(48). At higher metallicity, stars lose more mass 
and produce stronger outflows than those of their 
lower-metallicity counterparts. Thus, detection of 
abundant outflows in the vicinity of the HV SNe 
Ja is not unexpected. 

The higher Si II velocity seen in HV SNe Ia 
may be related in part to an increase in stellar 
metallicity. As the metallicity increases in the 
C+O layer of the exploding WDs, the line-forming 
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Fig. 4. A comparison of the physical sizes (B-band light radius at 25 mag arcsec” isophote) 
and absolute K-band magnitude distributions of the SN hosts. These two parameters have 
been derived by adopting the mass density (Q,,) = 0.27, the cosmological constant (Q,) = 0.73, and 
the Hubble constant (Hg) = 73 kms~? Mpc * (37). Foreground galactic absorption corrections (38) have 
been applied to the absolute magnitudes. In the center, the high-velocity SN la hosts are represented as 
red triangles, and the normal-velocity SN la hosts are represented as blue dots. The absolute magnitudes 
of the hosts are shown on the abscissa, and the lengths of the semimajor axes of the hosts are shown on 
the ordinate. The plot is then projected to the top and the right, where a histogram is displayed for each 
host population in each of the dimensions, absolute magnitude, and semimajor axis. 


region moves toward shallower parts of the at- 
mosphere because of an increased line opacity, 
leading to larger line velocities (49). In addition, 
the high-velocity Si II layers are perhaps formed 
because of the density increase caused by inter- 
action between the SN ejecta and the material 
around the exploding WD, which could be an 
accretion disk or a filled Roche lobe (50). The 
angular variations in observing such an inter- 
acting system may explain the variation of the 
polarization across the Si II line (5/) and its 
correlation with the ejecta velocity for HV SNe 
Ta (22). This is consistent with the result that 
the observed differences in some SNe Ia might 
be due to a projection effect (2/). However, these 
data and analyses are insensitive to a separate 
population of NV SNe la that is intrinsically 
different from HV SNe Ia. 

The dependence of SN Ia ejecta velocity on 
progenitor environment could be relevant when 
using SNe Ia as cosmological yardsticks because 
the HV and NV populations have different colors 
around maximum light (/9), and their ratio may 
change with redshift. The observed relative frac- 
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tion of the HV and NV population might become 
smaller at great distances because of a decrease in 
the HV SN Ia rate in low-metallicity environments 
and the increased difficulty of spectroscopically 
classifying SNe in the central regions of distant 
galaxies. 
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Infrared Absorption Spectrum of the 
Simplest Criegee Intermediate CH,00 
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The Criegee intermediates are carbonyl oxides postulated to play key roles in the reactions of 
ozone with unsaturated hydrocarbons; these reactions constitute an important mechanism for 
the removal of unsaturated hydrocarbons and for the production of OH in the atmosphere. 
Here, we report the transient infrared (IR) absorption spectrum of the simplest Criegee intermediate 
CH200, produced from CH2I + O2 in a flow reactor, using a step-scan Fourier-transform 
spectrometer. The five observed bands provide definitive identification of this intermediate. 
The observed vibrational frequencies are more consistent with a zwitterion rather than a 
diradical structure of CH00. The direct IR detection of CH200 should prove useful for kinetic 
and mechanistic investigations of the Criegee mechanism. 


he gaseous reactions of ozone (O3) with 
"Testi hydrocarbons have been ex- 

tensively investigated, given their roles in 
atmospheric depletion of these molecules and as- 
sociated build-up of OH free-radical and partic- 
ulate material in the troposphere (/—3). In summer, 
the dominant OH-production channel in the at- 
mosphere includes photolysis of ozone to produce 
O('D), which subsequently reacts with HO to 
produce OH. During the winter season, the effi- 
ciency of ozone photolysis drops by 50% or more, 
and the atmospheric production of OH via ozon- 
olysis of alkenes was proposed to account for the 
difference in the photolytic production of OH be- 
tween summer and winter (4). 

Decades of research suggest the initiation of 
the ozonolysis reactions involves the cycloaddi- 
tion of ozone to the C=C double bond to form a 
cyclic trioxolane intermediate (ozonide) with a 
C-C single bond. The large exothermicity of this 
reaction leads to a rapid cleavage of this C-C bond 
and one O-O bond of the ozonide to form a car- 
bonyl molecule and a carbonyl oxide that is com- 
monly referred to as the Criegee intermediate, 
which was first postulated by Criegee in 1949 (5). 
The simplest ozone-alkene reaction involves ethene 
(C>H,); the products from fragmentation of ethene 
ozonide (C>H4O3) are formaldehyde (HCO) and 
formaldehyde oxide (or peroxymethylene, CH,00), 
which is hence the simplest Criegee intermediate. 
The structure and reactions of gaseous Criegee 
intermediates have been extensively investigated 
and debated (6-9). Four isomers of CHO) include 
formaldehyde oxide, dioxirane, methylenebis(oxy), 
and formic acid (HCOOH), as shown in Fig. 1. The 
large exothermicity of the reaction of O; + C>Hy 
might lead to isomerization among these isomers 
and the decomposition of these species to produce 
H, OH, CH3, CO, COs, and other products (/—3). 

The highly reactive Criegee intermediates have 
until recently eluded detection in the gaseous phase. 
Taatjes and co-workers produced CH,OO from the 
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reactions of CH;SOCH) + O; (/0) and CH2I + O» 
(1) ina flow cell and detected its cation with vac- 
uum ultraviolet photoionization. They confirmed 
that the Criegee intermediate, rather than other 
isomers, was observed because the observed pho- 
toionization threshold near 10 eV conforms to 
theoretical predictions of 9.98 eV (/2), which is 
much smaller than the values of 10.82 eV pre- 
dicted for dioxirane (/2) and 11.3 eV determined 
for formic acid (/3). Beames e7 al. used the CHI + 
O> reaction to prepare CH2OO in a supersonic jet 
and reported that a broad ultraviolet (UV) spec- 
trum of CHOO peaked near 335 nm; the spec- 
trum was obtained through UV-induced depletion 
of the ion signal of CH,OO produced upon pho- 
toionization (/4). The infrared (IR) absorption 
spectrum of gaseous CH»OO would supply more 
detailed structural information as well as an alter- 
native means for performing kinetic measurements. 
Theoretical investigations of the structure 
and reactivity of CH,OO have been extensive 
(/2, 15-18), but predictions of the enthalpy of 
formation, electronic structure, and vibrational wave 
numbers vary considerably. The reported enthalpy 
of formation of CH,OO at 298 K, AH;,’, varies 
from 26 to 48 kcal mol | but settles toward the 
smaller value when more sophisticated methods 
are used. Earlier theoretical calculations indicated 
CH,00 to have a planar, singlet biradical structure, 
with nearly equally long O-O and C—O bonds of 
about 1.34 A (79), whereas coupled-cluster the- 
ory CCSD(T) and multiconfigurational complete 
active space self-consistent field (CASSCF) calcu- 
lations predicted that CH2O0 is better described as a 
zwitterion with a shorter C—O bond (~1.28 A) and 
a longer O-O bond (~1.35 A) (Fig. 1A) (/2, 16, 17). 
The vibrational frequencies predicted for CHOO 
also vary considerably. For example, predictions 
of the wave number of the O—O stretching mode 
ranged from 849 to 1077 cm and of the C-O 
stretching mode from 1269 to 1407 cm |. 
Because CH,OO is unstable, its detection with 
a conventional Fourier-transform IR (FTIR) spec- 
trometer is difficult. We have demonstrated that 
coupling a step-scan FTIR spectrometer with a 
multipass absorption cell enables the recording of 
temporally resolved IR absorption spectra of gas- 
eous reaction intermediates such as CICO (20) 


and CH;00 (2/); distinct absorption bands of 
various isomers of CH3;SO) (22), CH;SOO (23), and 
CH;OSO (24) were recorded to provide defini- 
tive structural identification. Here, we report a fur- 
ther application of this technique to characterize the 
IR absorption spectra of gaseous CH200 species. 
A step-scan FTIR [Vertex 80v (Bruker Optik, 
Ettlingen, Germany)] spectrometer coupled with 
a multireflection White cell was used to record the 
IR spectra of transient species. The laser beam, of 
wavelength 248 nm, passed through the White cell 
and was reflected six times with two extemal mir- 
rors so as to photodissociate a flowing mixture of 
CHpI, in N2/O, and thereby produced CH)I that 
subsequently reacted with O, to form CH,OO. The 
derivation of conventional time-resolved difference 
absorption spectra from the temporal profiles recorded 
at each scan step has been established (20, 25). 
The partial IR absorption spectrum (800 to 
1500 cm ') of the flowing mixture of CHpI2/N2/O 
(1/20/760, 94 torr) at 340 K (Fig. 2A) exhibits 
absorption lines of CH2I, near 1229, 1188, and 
1113 cm |. Upon irradiation with light at 248 nm, 
the absorption of CH.I, decreased owing to pho- 
tolysis, whereas new bands near 1435, 1286, 908, 
and 848 cm | appeared, as shown in the difference 
spectrum recorded at 0- to 12.5-1s delays (Fig. 
2B); a band with a weak Q-branch near 1241 cm ' 
(indicated by an arrow) might belong to the same 
group but is interfered with by absorption of parent 
or other products. The intensities of these new lines 
decreased rapidly with time and diminished after 
~100 us; a spectrum recorded 50 to 62.5 us after 
photo-irradiation is shown in Fig. 2C. The decay of 
CH,00 resulted in increased absorption of HCO. 
Because photolysis of CH2I> produces mainly 
the CHI radical (26) and because this radical re- 
acts readily with excess O> in the system (27, 28), the 
possible carriers of the observed new bands in- 
clude CH2IOO and isomers of CH2O>. Most pre- 
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Fig. 1. Geometries of possible isomers of CH202. 
(A) Formaldehyde oxide CH,00, (B) dioxirane, (C) 
methylenebis(oxy), and (D) formic acid predicted 
with the NEVPT2/aVTZ method [(A) to ()] and the 
B3LYP/aVTZ method (D). The O—O and C—O bond 
distances are given in angstroms. 
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vious experimental attempts to generate and detect 
CH,O0 used either the reaction of CH, + O, or 
CH, + O3, but the large exothermicity of these 
reactions makes the stabilization of CH,OO dif- 
ficult. In contrast, in the reaction of CHI + O, 
CH,00- I chosen here, the stabilization of CHOO 
is possible because of the small exothermicity of 
~13 kJ mol |. 

The observed vibrational wave numbers and 
relative intensities are compared with theoretical 
predictions for CH2O0O in Table 1. Previous in- 
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vestigations (/2, 7/8) reported only harmonic 
vibrational frequencies, so we performed new 
calculations in order to derive the anharmonic 
frequencies. The potentially zwitterionic charac- 
ter of the CH,OO molecule requires appropriate 
multireference treatment. The harmonic and an- 
harmonic vibrational frequencies have been com- 
puted by using a quadratic force field obtained 
with the n-electron valence state perturbation the- 
ory (NEVPT2) method (29) implemented in the 
Molpro quantum chemistry package (30) by using 
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Fig. 2. Comparison of observed spectra with simulated spectra of possible species. (A) IR absorption 
spectrum of a flowing mixture of CHzI2/N2/0,(1/20/760, 94 torr) before photolysis. (B) Difference spectra 
recorded 0 to 12.5 us and (C) 50 to 62.5 us after irradiation of the sample at 248 nm; the spectrum at 
300 to 312.5 us was subtracted for background correction. IR spectra of (D) CH200, (E) dioxirane, (F) 
methylenebis(oxy), and (G) cis-CH2I00 were simulated by using the predicted rotational constants, 
vibrational frequencies, and IR intensities listed in tables $1 and $3. 


Table 1. Comparison of experimentally observed wave numbers (per centimeter) and intensities with the 
vibrational wave numbers (per centimeter) and IR intensities of CH,0O predicted with various methods. 
Sym., symmetry. 


NEVPT2/aVDZ CAS(14,12) CCSD(T) 
Mode Sym. Experiment Descriptiont 
Harmonic Anharmonic /NDz* /aNTZ* 
v1 cM 3370 3149 (5)¢ 3215 3290 a-CH str. 
V2 WV 3197 3030 (1) 3065 3137) s-CH str. 
V3 rN 1435 (33)§ 1500 1458 (52) 1465 1483 CHz scissor/CO str. 
V4 rN 1286 (42) 1338 1302 (100) 1269 1306 CO str./CH2 scissor 
Vs cM 1241 (39) 1235 1220 (33) 1233 1231 CH2 rock 
V6 Ly 908 (100) 916 892 (100) 849 935 00 str. 
v7 A 536 530 (1) 537 529 COO deform 
Ve A" 848 (24) 856 853 (31) 793 862 CH, wag 
Vo A" 620 606 (2) 618 632 CH, twist 
Reference This work = This work —_— This work (18) (12) 
*Harmonic wave numbers. tApproximate mode description. a, asymmetric; s, symmetric; str., stretch. Relative IR 


intensities are normalized to the most intense line (va) with intensity 124 km mol~*. 
Ve are listed in parentheses. 


Integrated IR intensities relative to 
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the CASSCF(8,8) reference wave function. No 
symmetry has been used in these calculations so 
as to avoid numerical problems. The anharmonic 
frequencies (3/7) have only approximate charac- 
ter because the effects of three- and four-mode 
couplings have been neglected owing to high com- 
putational complexity. Nevertheless, the computed 
NEVPT2/aVDZ anharmonic frequencies corre- 
spond well to the observed experimental bands. 
The IR spectra of CH,OO, dioxirane, 
methylenebis(oxy), and cis-CH2I0O simulated 
according to the geometries and anharmonic 
vibrational frequencies that were predicted with 
quantum-chemical calculations are shown in Fig. 
2, D to G, respectively. A compilation of anhar- 
monic vibrational levels and IR intensities for the 
isomers of CHOO and other possible interme- 
diate structures used in the simulations is given 
in tables S1 and $2. The rotational constants 
used in the simulation are compiled in table $3. 
For CH2IOO and CH,O0, the characteristic 
OO-stretching modes have wave numbers near 
900 cm |. For dioxirane, two intense features near 
1238 and 911 cm ' are characteristic of symmetric 
and antisymmetric CO-stretching modes (/7). For 
methylenebis(oxy), only an anharmonic NEVPT2 
(2,2) stick spectrum is shown because the B3LYP 
(Becke, three-parameter, Lee-Yang-Parr) rotational 
constants for each fundamental mode could not 
be assessed (supplementary text). A comparison 
of the observed new spectral features with these 
simulated spectra indicates that the best agree- 
ment in terms of relative intensities and positions 
is obtained for the predicted spectrum of CH,OO. 
The Criegee intermediate is predicted to have in- 
tense lines at 1458 (52), 1302 (100), 1220 (33), 
892 (100), and 853 (31) cm '; the relative IR in- 
tensities are listed in parentheses. The observed 
features are at 1435 (33), 1286 (42), 1241 (39), 
908 (100), and 848 (24) em |, with typical devia- 
tions of 5 to 23 cm | from predicted anharmonic 
vibrational wave numbers. The predicted spectra 
of other candidate species disagree with the ob- 
served spectrum. For example, although dioxirane 
is predicted to have two intense lines near 1238 and 
911 cm |, near the observed features at 1286 and 
848 cm | the relative intensities and the rota- 
tional contours do not match. The widths of the 
rotational contours of bands of CH2IOO are 
predicted to be much smaller than the observed 
widths because the massive I atom induces small 
rotational parameters; the possibility that the ob- 
served new features are due to CHIOO is positive- 
ly eliminated. In contrast, the predicted rotational 
contours of each vibrational band of CH,0O 
agree well with observations, except for a weak 
Q-branch near 1241 cm ' that might experience 
interference from absorption of the precursor or 
other product. A comparison of observed and 
simulated rotational contours for the vg and vg 
modes is shown in Fig. 3; those for the v3 and v4/vs 
modes are shown in figs. S1 and 82, respectively. 
Most bands of CH,O00 have a mixed a/b-type con- 
tour with P-, Q-, and R-branches, whereas the out- 
of-plane CH2-wagging (vg) mode near 848 cm! 
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has a characteristic c-type structure with a promi- 
nent Q-branch because the dipole moment oscil- 
lates mainly along the c axis (perpendicular to the 
molecular plane) upon vibrational excitation. This 
unique c-type feature of a planar molecule near 
848 cm! further supports the assignment of the 
observed features to CH,OO. 

The observed wave number of the OO- 
stretching mode of CH,OO near 908 cm ‘ is much 
smaller than that of the corresponding modes of 
CH300 at 1117 em! (27), CH3C(O)OO (32) at 
1102 cm ', and CgHsC(O)OO at 1108 cm | (33) 
determined with a similar technique. The observed 
wave number of the CO-stretching mode near 
1286 cm! is much larger than that of the cor- 
responding mode of CH;OO at 902 cm ' (34) 
observed in a matrix, indicating some double- 
bond character. These trends strongly support a 
zwitterionic, rather than singlet biradical, struc- 
tural description of CH200 because of a strength- 
ened C—O bond and a weakened O-O bond. 

The ~50-s lifetime of CHOO observed in 
our experiment is much shorter than that (~2 ms) 
reported by Welz et al. (//), who used [CH2I]o = 
9x10'' molecules cm ° in their experiments. Be- 
cause the sensitivity of IR absorption is not as 
good as that of mass detection, a higher concentra- 
tion of [CHpI]y = 4*10'> molecules cm * is needed 
in our experiments in order to record a satisfactory 
spectrum of CH,OO. In some preliminary low- 
resolution experiments, we varied [CH>]]o from 
1.0 x 10'3 to 2.8 x 10'* molecules cm > and 
found that the lifetime of CH,OO decreased from 
~150 to 15 us, indicating that the bimolecular 
reaction—either CH,OO + I or CH,OO + CH;00— 
might be responsible for this rapid decay. More 
detailed kinetic measurements are in progress. 
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With our detection method, we can probe 
CH,O0 directly in a reaction. The advantage is 
demonstrated in the investigation of the yield of 
CH,OO from the reaction CH2I + O>. Solar 
photolysis of CH2I>, one major source of iodine 
in the marine boundary layer, generates CH>I and 
I. The reaction of CH2I + O, is important in the 
atmosphere partly because this reaction releases 
the second I atom to form IO, which can affect O3, 
HO,, and NO, levels and also lead to the formation 
of particulates in the atmosphere (35). Huang ef al. 
detected I atom as a product of the reaction of 
CH,I with O2 by probing the IR absorption of I 
atom at 7603.138 cm |. These authors reported 
that O, stabilizes CH2IOO with remarkable effi- 
ciency (13 times that of N>), hence decreasing the 
yield of I atoms (28). The yield of CH,O0 from 
CHI + O, was estimated to be 0.04 in air at 760 torr 
because CH2IOO is expected to be readily stabil- 
ized. However, because these authors probed only I 
atoms, their measurements could not distinguish 
between the stabilization of CHIOO and other 
secondary reactions, With our new detection meth- 
od, we can probe CH,O0 directly to provide direct 
measurements of the yield of CH,OO. Contrary to 
their predictions, in our experiment with O, at 90 
torr we observed no CHIOO, and the yield of 
CH,00 was estimated to be at least 35% of CH2I 
with the assumption that the predicted IR inten- 
sities of CH,OO are correct. Whether this dis- 
crepancy is due to the difference in photolysis 
wavelengths [355 nm in experiments of Huang et al. 
(28) and 248 nm in this work]—in which the total 
available energy of CHyI +1 (118 and 263 kJ mol ', 
respectively) might affect the efficiency of stabi- 
lization of CH2IOO and CH,OO produced from 
CHz2I + O.—requires further investigation. 
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Fig. 3. Comparison of observed and simulated spectra of CH,00 in the region of 800 to 955 cm* 
at resolution 1.0 cm™*. Simulated absorption bands for the vg (vo = 908 cm and a-/b-type = 8.2/1) 
and vg (vo = 848 cm and c-type) modes are shown with red lines, and the observed spectrum is shown 
with open circles. Spectral width = 1 cm™+, Jmax = 150, and T= 340 K. 
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Direct Measurements of 
Conformer-Dependent Reactivity 
of the Criegee Intermediate CH,CHOO 


Craig A. Taatjes,’* Oliver Welz,* Arkke J. Eskola,* John D. Savee,” Adam M. Scheer,* 
Dudley E. Shallcross,” Brandon Rotavera,* Edmond P. F. Lee,?’* John M. Dyke,” 
Daniel K. W. Mok,* David L. Osborn,” Carl J. Percival>* 


Although carbonyl oxides, “Criegee intermediates,” have long been implicated in tropospheric oxidation, 
there have been few direct measurements of their kinetics, and only for the simplest compound in the 
class, CH200. Here, we report production and reaction kinetics of the next larger Criegee intermediate, 
CH3CHOO. Moreover, we independently probed the two distinct CH3CHOO conformers, syn- and anti-, 
both of which react readily with SO and with NO2. We demonstrate that anti-CH3CHOO is substantially 
more reactive toward water and SO, than is syn-CH3CHOO. Reaction with water may dominate tropospheric 
removal of Criegee intermediates and determine their atmospheric concentration. An upper limit is obtained 
for the reaction of syn-CH3CHOO with water, and the rate constant for reaction of anti-CH3;CHOO with 
water is measured as 1.0 x 10’ + 0.4 x 10”** centimeter? second™?. 


zonolysis of alkenes is generally under- 
O= to proceed via a 1,3-cycloaddition 

of ozone across the olefinic bond to 
produce a primary ozonide, the decomposition 
of which forms a carbonyl moiety and a Criegee 
intermediate (CI) (/). The fate of the CI deter- 
mines the end products of the ozonolysis reaction 
and can have a substantial impact on the atmo- 
sphere (/—4). Recently, the simplest CI, CH2OO, 
has been directly produced in the gas phase with 
low internal energies from reaction of O, with 
CH;SOCH; (5, 6) or CHaI (4, 7, 8) and unambig- 
uously detected by tunable synchrotron or laser 
photoionization mass spectrometry. These tech- 
niques allowed direct measurements of the re- 
action kinetics of CH2OO with several important 
tropospheric species, including SO, and NO>, 
both of which react much faster with CH,00 
than models had assumed (4). Since those direct 
measurements appeared, new high-level calcu- 
lations (9), field measurements (/0), and ozonol- 
ysis experiments (/0—/2) continue to suggest that 
Cl reactions are important in tropospheric sulfate 
chemistry. However, substantial uncertainty re- 
mains, partly because of the absence of direct 
kinetic measurements of any larger CI and partly 
because of uncertainty in the products of CI re- 
actions. Moreover, the reactivity of larger CIs is 
predicted to be affected by the nature and location 
of the substituents (73), with a particularly large 
effect for the crucial reaction of CI with water 
(13, 14). Because of the large amount of water in 
Earth’s atmosphere, the rate of CI removal by 
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water is a key determinant of the tropospheric 
impact of all CI reactions. Determining the con- 
former dependence of CI reactions is therefore 
not only a vital aspect of understanding their fun- 
damental reactivity, it is also a key component 
for improving atmospheric chemistry models. 

We have successfully extended our earlier tech- 
nique of reacting a-iodoalkyl radicals with O, to 
prepare Cls (4, 7, /5), and here we show that the 
reaction of the 1-iodoethy! radical (CH;CHD) with 
O, forms both conformers of the Cl acetaldehyde 
oxide (CH3CHOO) at 298 K and 4 torr. The con- 
formers of acetaldehyde oxide, syn-CH;,CHOO 
and anti-CH;CHOO, differ in the orientation of the 
C-O-O group (depicted in Fig. 1). By taking ad- 
vantage of the difference in ionization energy of 
the two conformers, we demonstrate a dramatic 
conformer dependence of CH;CHOO reactivity 
toward SO, and H,0. 


REPORTS lt 


Kinetic measurements were carried out in the 
Multiplexed Chemical Kinetics Reactor, which 
has been described in detail elsewhere (4, 16, 17). 
Reactions are initiated by pulsed laser photolysis 
in a slow-flow reactor. The contents are contin- 
uously sampled through a small orifice in the re- 
actor and probed by photoionization time-of-flight 
mass spectrometry. Ionizing with tunable photon 
energy, from the Chemical Dynamics Beamline 
(9.0.2) of the Advanced Light Source, allows 
isomers to be distinguished on the basis of their 
photoionization spectra (/7—19). The reaction of 
CH;CHI with O, shows similar behavior to the 
reaction of CH2I with O2, with the most promi- 
nent products being the stabilized CI. (CH;CHOO), 
an I atom, and secondary products IO and HOI. 
(A time-resolved mass spectrum of the reaction 
initiated by photolysis of CH3CHI, in the presence 
of oxygen is displayed in fig. $2.) 

The mass/charge (m/z) = 60 signal is iden- 
tified as the CI, acetaldehyde oxide, on the basis 
of its exact mass and a comparison of its photo- 
ionization spectrum with a predicted spectrum 
derived from ab initio calculations (/9) of both 
the adiabatic ionization energy (ATE) and Franck- 
Condon factors for photoionization of both con- 
formers of CH;CHOO, as shown in Fig. 1. Detailed 
results of these calculations are given in the sup- 
plementary text. 

Calculations place the syn conformer ~15 kJ 
mol ! lower in energy than anti-CH;CHOO (/4). 
Reflecting the zwitterionic character of the C-O 
bond, the barrier to interconversion of these con- 
formers is substantial (/4), ~160 kJ mol |. There- 
fore, syn- and anti-CH;CHOO act as distinct 
chemical species at atmospheric temperatures. 
The syn and anti conformers of CH;CHOO also 
have different photoionization spectra. In the thresh- 
old region, each conformer has ionization tran- 
sitions to both A” and A’ cationic states, and the 


Fig. 1. The photoionization 

spectrum for the m/z = 60 

product from photolysis of 

CH;CHI, in the presence of 4 
O3. The best fit of the zero-water 
trace to the calculated photo- 
ionization spectra for syn- and 
anti-CH3CHOO is also shown. The 
fit allows the the energies for 
the excited (A’) cationic state of 
each conformer to vary within a 
range of ~50 meV about their 
calculated values. The black dashed 
line shows the calculated photo- 
ionization spectrum of vinyl hy- 
droperoxide. Addition of water 
preferentially removes the anti 
conformer, as seen in the de- 
creased signal between 9.3 and 
9.4 eV for the high-H,0 trace. 0 
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calculated four photoionization bands overlap 
(fig. S4). Allowing a small adjustment to the com- 
puted ionization energies for each conformer gives 
a very close fit to the observed spectrum (Fig. 1). 
The low-energy edge of the spectrum is dominated 
by the anti conformer, which can be detected be- 
low the ionization energy of the syn conformer. 
Assuming that the electronic transition moments 
for the two conformers are similar, the fit param- 
eters suggest a far larger overall production (90%) 
of the more stable syn conformer. The signals ob- 
served at higher ionizing photon energies will be 
dominated by photoionization of syn-CH;CHOO 
(supplementary text). The two conformers are 
independently detected, but their ratio is not varied 
in these experiments. 

Acetaldehyde oxide has several other iso- 
mers (scheme S1), most of which have ionization 
energies well above the threshold observed for 
the m/z = 60 product of the reaction of CH;CHI 
with Oy, including acetic acid, the ATE of which is 
10.70 eV, and methyl formate, with an AIE of 
10.85 eV (20). Only vinyl hydroperoxide has a low 
enough calculated ATE, 9.18 eV, to be consid- 
ered as a carrier for the m/z = 60 product spectrum. 
However, the predicted ionization onset and Franck- 
Condon envelope of vinyl hydroperoxide (Fig. 1) 
is not consistent with the observed spectrum. 

Vinyl hydroperoxide is calculated to be the 
dominant product of isomerization from syn- 
CH;CHOO, with a calculated barrier to isomer- 
ization of >80 kJ mol ! (2/). [Isomerization of 
anti-CH,;CHOO is more likely to lead to methyl 
dioxirane (2/), with a calculated ATE of 10.36 eV.] 
The O-O bond in vinyl hydroperoxide is weak 
(22), and fission of that bond is a pathway to for- 
mation of OH in ozonolysis reactions (23). In fact, 
recent multireference calculations predict extreme- 
ly rapid dissociation of vinyl hydroperoxide after 
isomerization from CH;CHOO (24). 

The first-order decay rate of CH;CHOO in 
the absence of additional reactants is the sum 
of unimolecular and heterogeneous loss reac- 
tions. The decay depends on the coating of the 
reactor, suggesting that heterogeneous reaction 
contributes substantially. The slowest decay ob- 
served in this context, ~250 s ', is an upper limit 
to the thermal (298 K) rate coefficient for de- 
composition of CH;CHOO, consistent with the 
determination of 76 s ' by Fenske et al. (25). 
Upon adding SO, or NO; as reagent, the decay of 
the CH;CHOO signal becomes more rapid (shown 
in Fig. 2 for SO> reaction with CH;CHOO). A 
linear fit of the decay constant versus reactant 
concentration measured at photon energies where 
photoionization of the syn conformer dominates 
(Fig. 3 and fig. S5) returns as its slope 4) syn, the 
second-order rate coefficient for the reaction of syn- 
CH;CHOO with SO (uncertainty limits are 95%): 


syn-CHCHOO + SO, — products 
Kis =24* 10" +0310" cms! (1) 


A similar plot measured with 9.37-eV photons, 
where photoionization of the anti-CH;CHOO 


conformer dominates (open symbols in Fig. 3), 
yields a rate coefficient more than twice as 
large, 


anti-CH;CHOO + SO, — products 

Ky anti = 6.7% 10" +1.0* 10" cms! (2) 

Similar measurements on the overall reaction 
of syn- and anti-CH;CHOO with NO; (described 
in supplementary text) suffer from reduced 
signal-to-noise ratio but show a rate coefficient 
of 2x 10 '7+1x 10 com's |, witha slight 
(statistically significant at 1o confidence interval) 
conformer dependence. This rate coefficient is 
substantially smaller than that for CH,OO re- 


acting with NO», k(CH,0O + NO,)=7 * 10 |? 
cm? s! (4). 
The rapid reaction of CH;CHOO with SO, 


supports predictions of barrierless addition of SO 


to CI (9, 26, 27) and indicates that the reactions 
of CI with SO, should be generally facile. The 
substantial difference in reactivity between syn- 
and and anti-CH;CHOO may partly reflect in- 
creased steric hindrance for formation of the 
CI-SO, secondary ozonide in the syn confor- 
mation or conformer-selective electron donating 
effects from the methyl group, as theoretically 
described, for example, in the CH;CHOO + HO 
reaction (/3). The rate coefficient for syn- 
CH;CHOO reaction with SO) is slightly smaller 
than that measured earlier for CH2OO reacting 
with SO, [k(CH,00 + SO,)=3.9 x 10 ''+0.7 x 
10 |! cm> s'] (4), but that for anti-CH;CHOO 
is larger. Both are orders of magnitude larger 
than estimates typically used in tropospheric 
models (28). 

Measurements have also been carried out at 
higher ionizing photon energies (13 eV), where 


Fig. 2. Representative time- 
dependent CH;CHOO signals. 
The time behavior of the m/z = 
60 signal (mainly from ioniza- 
tion of syn-CH3CHOO) from pho- 
tolysis of CH3CHI, in the presence 
of SO, and [0,] = 1.2 x 10% a3, 
measured with Lyman-o radia- 
tion at 10.2 eV. 
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Fig. 3. Rate coefficients for 4000 
reaction of CH;CHOO conform- 
ers with SOp. Fitted pseudo— 
first-order decay constants of 
syn-CH3CHOO (solid circles) and 
anti-CH3CHOO (open circles) are 
shown as a function of $O2 con- 
centration. The lines are linear 
fits to the data, weighted by the 
statistical uncertainty in the ex- 
ponential fit to the individual de- 
cay traces (+16 error bars shown 
in the figure). Each fit included 
>20 points across the relevant de- 
cay. (Inset) The decay of CH;CHOO 
measured with 10.50 eV (solid 
circles, predominantly syn) and 
9.37 eV (open circles, predom- 
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the SO; co-product [AIE of 12.81 eV (29)] can 
be directly observed. To within the experimental 
uncertainty, SO; is formed with a rise time that 
correlates with the decay time of the CI (figs. S6 
to $9), showing that SO; is a direct product of the 
reactions of both CH,00 and CH;CHOO with 
SO). Vereecken et al. (9), improving on earlier 
calculations (26, 27), predicted that formation of 
SO and a carbonyl compound will be the prin- 
cipal product channel for small CIs and at low 
pressure but that stabilization of a CI-SO, sec- 
ondary ozonide becomes dominant for larger 
Cls under atmospheric conditions. Under the con- 
ditions of the present experiments, no stabilized 
CI-SO, product is observed for either CH,OO or 
CH3CHOO reaction with SO. The eventual fate 
of the CI-SO, secondary ozonide may determine 
the relevance of CI reactions with SO, to tropo- 
spheric sulfate chemistry and particulate formation, 
and will affect the interpretation and intercom- 
parison of laboratory ozonolysis experiments that 
are sensitive to either CI consumption or H,SO4 
formation (/0-/2). 

Because reaction with water dominates 
tropospheric CI removal (9), its rate constant is 
critical to modeling the CI concentration. The re- 
action of CHOO with water is too slow to mea- 
sure in the present apparatus (4), and only an 
upper limit could be obtained, 4 x 10 Semis |. 
However, the reaction of water with CH;CHOO 
is predicted to favor the anti conformer by five 
orders of magnitude (/3), and indeed (Fig. 1) the 
addition of HO preferentially depletes the pho- 
toionization spectrum at the low-energy edge, 
where anti-CH;CHOO dominates. Measurements 
of CH;CHOO with 10.5-eV photons in the pres- 
ence of HO concentrations of 2.4 x 10'° cm? 
showed an identical decay to those with no added 
water, suggesting similar upper limits for the 
reaction of water with syn-CH;CHOO and with 
CH,00: 4 « 10-'> cm? s | (4). However, a sig- 


nificant and systematic increase in the decay rate 
with water addition was observed for measure- 
ments with 9.37-eV photons (Fig. 4), permitting 
direct measurement of the rate coefficient (un- 
certainty limits are 95%), 


anti-CH;CHOO + H,O — products 
Keani= 1.0 10'4+0.4 x 104 em? s! (3) 


This result is more than a factor of 10 below 
the high-pressure limiting rate coefficient from 
the transition state theory predictions of Anglada 
et al. (13), kami = 1.68 * 10-3 cm? 5! but is a 
factor of 35 above the prediction of Kuwata et al. 
(14), ks anti = 2.87 * 10 "om? s | In any case, the 
rate coefficient is substantially larger than that 
calculated for other CI reactions with water and 
tends to validate the theoretical prediction of a 
dramatic lowering of the activation energy for 
the anti conformer (/3, /4). Because the reaction 
is predicted to proceed by stabilization (supple- 
mentary text), it is possible that the rate co- 
efficient is pressure dependent, Master-equation 
calculations, including accurate treatment of the 
association kinetics, would give the most rig- 
orous comparison for the present experiments. 

We emphasize that the low-pressure rate co- 
efficients measured here for reactions of the CIs 
with SO2, NOz, and water are lower limits for the 
total removal of CI by these species at the higher 
pressures of the troposphere or laboratory ozon- 
olysis experiments. Furthermore, even in cases 
where the CI removal is independent of pressure, 
the products may change substantially with pres- 
sure (9). Interpretation of indirect measurement 
of CI reactions often depends on product detec- 
tion and on derived yields of stabilized CI in 
ozonolysis that are in turn based on inferences 
about CI scavenger reactions. Apparent discrep- 
ancies among indirect determinations, for ex- 
ample, for reactions of CI with SO, (/0—/2), may 


Fig. 4. Rate coefficient for 


reaction of anti-CH,CHOO with a 
H,0. Fitted pseudo—first-order 
decay constants of anti-CH;CHOO 4200 


are shown as a function of H20 
concentration. The dashed line 
is a fit to the data, weighted by 
the statistical uncertainty in the 
exponential fits to the individu- 
al decay traces (+10 error bars 
shown in the figure). Each fit in- 
cluded >20 points across the rel- 
evant decay. (Inset) The decay of 
CH3CHOO measured with 10.50 eV 
(solid circles, predominantly syn) 
and 9.37 eV (open circles, pre- 
dominantly anti) in the presence 
of [H20] = 2.7 x 10° cm? 
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be related to that web of inference. The present 
measurements break the connection to ozonoly- 
sis, directly producing stabilized CIs in a nearly 
thermoneutral reaction, characterizing the Criegee 
reactant by its photoionization spectrum, and de- 
termining absolute rate constants by pseudo— 
first-order kinetics methods. Comparing indirect 
measurements to the present direct kinetics deter- 
minations may therefore provide a means to re- 
fine the detailed modeling of ozonolysis. 

Moreover, computed rate coefficients for sub- 
stituted CI calculated by state-of-the-art quantum 
chemistry and advanced theoretical kinetics (9, 30) 
will be of increasing importance in the develop- 
ment of chemical models for complex systems 
such as atmospheric chemistry. The present re- 
sults are a benchmark for such calculations and 
will enable a more rigorous understanding of 
CI chemistry and a more accurate description 
of the role of CI in the troposphere. 


References and Notes 
1. D. Johnson, G. Marston, Chem. Soc. Rev. 37, 699 (2008). 
2. R. M. Harrison et al., Sci. Total Environ. 360, 5 (2006). 
3. S. Gab, E. Hellpointner, W. V. Turner, F. Korte, Nature 
316, 535 (1985). 
4. O. Welz et al., Science 335, 204 (2012). 
5. R. Asatryan, J. W. Bozzelli, Phys. Chem. Chem. Phys. 10, 
1769 (2008). 
6. C. A. Taatjes et al., J. Am. Chem. Soc. 130, 11883 
(2008). 
7. C. A. Taatjes et al., Phys. Chem. Chem. Phys, 14, 10391 
(2012). 
8. J. M. Beames, F. Liu, L. Lu, M. I. Lester, J. Am. Chem. Soc. 
134, 20045 (2012). 
9. L. Vereecken, H. Harder, A. Novelli, Phys. Chem. 
Chem. Phys. 14, 14682 (2012). 
. R. L. Mauldin 3rd et al., Nature 488, 193 (2012). 
. P.T. M, Carlsson, C. Keunecke, B. C. Kriiger, M.-C. Maa, 
T. Zeuch, Phys. Chem. Chem. Phys. 14, 15637 (2012). 
. T. Berndt et al., J. Phys. Chem, Lett, 3, 2892 (2012). 
. J. M. Anglada, J. Gonzalez, M. Torrent-Sucarrat, Phys, 
Chem. Chem. Phys. 13, 13034 (2011). 
. K. T. Kuwata, M. R. Hermes, M. J. Carlson, C. K. Zogg, 
J. Phys. Chem. A 114, 9192 (2010). 
. H. Huang, A. J. Eskola, C. A. Taatjes, J. Phys. Chem. Lett. 
3, 3399 (2012). 
. D. L. Osborn et al., Rev. Sci. Instrum. 79, 104103 
(2008). 
. C. A. Taatjes et al., Phys. Chem. Chem. Phys. 10, 20 
(2008). 
. C. A. Taatjes et al., Science 308, 1887 (2005); 
10.1126/science.1112532. 
. Materials and methods are available as supporting 
materials on Science Online. 
}. D. A. Sweigart, D. W. Turner, J. Am. Chem. Soc. 94, 
5592 (1972). 
. J. M. Anglada, J. M. Bofill, S. Olivella, A. Solé, J. Am. 
Chem. Soc. 118, 4636 (1996). 
. N. Sebbar, H. Bockhorn, J. W. Bozzelli, Phys. Chem. 
Chem. Phys. 5, 300 (2003). 
. N. M. Donahue, G. T. Drozd, S. A. Epstein, A. A. Presto, 
]. H. Kroll, Phys. Chem. Chem. Phys. 13, 10848 (2011). 
. T. Kurtén, N. M. Donahue, J. Phys. Chem. A 116, 6823 
(2012). 
. J. D. Fenske, A. S. Hasson, A. W. Ho, S. E. Paulson, 
J. Phys. Chem. A 104, 9921 (2000). 
. L. Jiang, Y. S. Xu, A. Z. Ding, J. Phys. Chem. A 114, 
12452 (2010). 
. T. Kurtén, J. R. Lane, S. Jorgensen, H. G. Kjaergaard, 
J. Phys. Chem. A 115, 8669 (2011). 
. M. E. Jenkin, S. M. Saunders, M. J. Pilling, Atmos. 
Environ. 31, 81 (1997). 
1. D. S. Alderdice, R. N. Dixon, J. Chem. Soc., Faraday 
Trans. II 72, 372 (1976). 
. L. Vereecken, J. S. Francisco, Chem. Soc. Rev. 41, 
6259 (2012). 


PRIL 2013 


179 


REPORTS 


180 


Acknowledgments: Additional pseudo-first-order rate 
constants, details of the experiments and calculations, and 
spectroscopic data underpinning this work are presented in 
the supplementary materials. The participation of 0.W., 
AJJ.E., ].D.S., D.L.O., and C.A.T. and the development of the 
experimental kinetics apparatus were funded by the Division 
of Chemical Sciences, Geosciences, and Biosciences, the 
Office of Basic Energy Sciences, the U.S. Department 

of Energy. D.E.S., J.M.D., and CJ.P. thank the Natural 
Environment Research Council for funding, and ].M.D. thanks 
the Leverhulme Trust for a senior fellowship. The Advanced 
Light Source is supported by the Director, Office of 

Science, Office of Basic Energy Sciences, of the U.S. 
Department of Energy under contract DE-ACO2-05CH11231 


at Lawrence Berkeley National Laboratory. Sandia is a 
multiprogram laboratory operated by Sandia Corporation, 

a Lockheed Martin Company, for the National Nuclear Security 
Administration under contract DE-ACO4-94-AL85000. 
D.K.W.M., ].M.D., C.].P., and E.P.F.L. acknowledge support 
from the Research Grant Council of the Hong Kong Special 
Administrative Region (grant no. Polyu 5019/11P) and 

the National Service for Computational Chemistry Software 
(UK) for computational resources. The experiments were 
conceived by C.A.T., C.].P., and D.E.S.; designed by C.A.T., 
D.L.O., C.J.P., O.W., and A.].E.; and carried out by O.W. 
J.D.S., A.J.E., A.M.S., B.R., C.J.P., C.A.T., and D.L.O. E.P.F.L., 
D.K.W.M., and J.M.D. were responsible for the quantum 
chemistry and Franck-Condon calculations. All authors 


participated in the data analysis and interpretation and 
contributed to the manuscript. 


Supplementary Materials 
www.sciencemag.org/cgi/content/ful340/6129/177/DC1 
Materials and Methods 

Supplementary Text 

Figs. $1 to $19 

Schemes S1 and S2 

Tables $1 to S8 

References (31-49) 


2 January 2013; accepted 15 February 2013 
10.1126/science.1234689 


Enantioselective Synthesis of Pactamycin, 
a Complex Antitumor Antibiotic 


Justin T. Malinowski,* Robert J. Sharpe,* Jeffrey S. Johnsont 


Medicinal application of many complex natural products is precluded by the impracticality of their 
chemical synthesis. Pactamycin, the most structurally intricate aminocyclopentitol antibiotic, displays 
potent antiproliferative properties across multiple phylogenetic domains, but it is highly cytotoxic. A 
limited number of analogs produced by genetic engineering technologies show reduced cytotoxicity 
against mammalian cells, renewing promise for therapeutic applications. For decades, an efficient 
synthesis of pactamycin amenable to analog derivatizations has eluded researchers. Here, we present 
a short asymmetric total synthesis of pactamycin. An enantioselective Mannich reaction and 
symmetry-breaking reduction sequence was designed to enable assembly of the entire carbon core skeleton 
in under five steps and control critical three-dimensional (stereochemical) functional group relationships. 
This modular route totals 15 steps and is immediately amenable for structural analog synthesis. 


omplex organic molecules produced by 
( bacteria have been used to treat numerous 

disease types for nearly a century (/—4). 
However, many naturally derived compounds 
that exhibit interesting bioactivities are practical- 
ly inaccessible via synthetic organic chemistry. A 
natural product’s structural complexity can create 
an insurmountable impediment to the preparation 
of analogs that might exhibit improved character- 
istics. An ongoing challenge in the field of syn- 
thetic chemistry is the development of methods 
that close the gap between the efficiency of bio- 
synthetic machinery and laboratory synthesis. Be- 
cause of the inherent flexibility of the latter, 
success in this endeavor could provide access to 
useful structural variants that might otherwise be 
inaccessible. 

Pactamycin (1; Fig. 1) was isolated from 
Streptomyces pactum var. pactum in 1961 by 
Argoudelis ef al. (5). The bioactivity profile of 
this natural product is especially notable, as it dis- 
plays antitumor, antimicrobial, antiviral, and anti- 
protozoal properties by acting as a universal inhibitor 
of translocation (6-9). Within the ribosomal sub- 
unit in which it interacts, pactamycin mimics an 
RNA dinucleotide through interactions of its an- 
iline and salicylate moieties with stem loops in 
the 16S RNA (/0). Unfortunately, pactamycin’s 
therapeutic benefits have yet to be realized, due 
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to high cytotoxicity (median inhibitory concen- 
tration of 95 nM against human diploid embryonic 
cell line MRC-5) (//). Pactamycin is a proto- 
typical example of a promising bioactive natural 
product whose complexity hampers the investi- 
gation of structure-activity relationships (SARs) 
that might lead to a serviceable therapeutic ap- 
plication and/or a better understanding of intrin- 
sic bioactivity. 

Genetic engineering studies have reignited 
promise for medicinal application, as 7-deoxy— 
and 8”-hydroxy—derivatives were isolated and 
displayed diminished cytotoxicity (//—/4). In the 
context of the work described herei is worth 
noting that Lu e¢ a/. contend that the structural 
complexity of 1 renders these and related struc- 
tural modifications “inaccessible by synthetic 
organic chemistry” (/2). Conversely, we have pro- 
ceeded from the hypothesis that the genetic en- 
gineering approach to pactamycin analogs might 
be inherently limited by the biosynthetic machin- 
ery (15, 16). Though pactamycin is commercially 
available, a chemical approach to its synthesis 
could, in principle, provide far greater opportu- 
nity and flexibility for discovering and advancing 
useful compounds. However, this tactic will only 
be feasible in the presence of an efficient synthe- 
sis platform that rapidly develops the appropriate 
level of structural complexity. In fact, synthetic 
interest in pactamycin has recently flourished, 
culminating in the landmark 32-step total synthe- 
sis from Hanessian and co-workers (/7, 18), as 
well as numerous partial synthetic studies (79-23). 
Despite these creative, state-of-the-art approaches, 


a compelling case can be made that a more prac- 
tical synthesis solution is needed. 

In this Report, we disclose a 15-step total 
synthesis of pactamycin, which has, in the initial 
pass, produced the natural product on a milligram 
scale and a key branch-point intermediate on a 
gram scale. We emphasized both modular con- 
struction and introduction of functionality in the 
final desired form of pactamycin, enabling an ap- 
proach amenable to derivatization for analog syn- 
thesis. Late-stage introduction of the aniline- and 
salicylate-binding elements provides an opportu- 
nity for future SAR studies. 

The recognition of a hidden symmetry in the 
northeast quadrant of pactamycin (1) was critical 
to our synthetic plan. Depicted in Fig. 2A, the car- 
bon chain connecting C4 and C-8 can be extracted 
to a symmetrical a-ureido-2,4-pentanedione 2. 
We envisaged simplified formation of the fully 
substituted C-1 center via a Mannich reaction. 
Due to the symmetrical methyl ketone substitu- 
ents at C-1, diastereoselectivity considerations are 
obviated, allowing for a focus on the enantio- 
selective C-2—amino incorporation during the 
C-1-C-2 bond construction. The nascent C-2 
stereocenter would then need to direct a site- and 
diastereoselective diketone monoreduction, setting 
the C-2/C-1/C-7 stereotriad (red dashed arrows in 
Fig. 2B). This sequence would provide the entire 
pactamycin carbon-core skeleton from which mod- 
ular delivery of various functionality (Fig. 2C) 
could provide 1 and/or its congeners in rapid 
fashion. 

The first challenge we faced was implementa- 
tion of the Mannich reaction with an appropriately 
configured imine electrophile. We were encour- 
aged by results reported by Schaus and co-workers, 


Me O 


pactamycin (1) fe} 


Fig. 1. Structure of pactamycin (1). Me, methyl. 
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wherein Cinchona alkaloids were effective in cat- 
alyzing the enantioselective addition of simple 
1,3-dicarbonyls to acyl imines (24, 25). However, 
the required asymmetric Mannich addition of 
a-amino-substituted dicarbonyls was heretofore 
unknown. Additionally, with our goal of modular 
construction in mind, we planned to install the un- 
usual 1,1-dimethylurea in its native form early in 
our route, a tactic that was expected to obviate the 
protection, deprotection, and acylation steps that 
characterize all other pactamycin synthetic studies. 

Pronucleophile 2 was synthesized in two steps 
(26) from commodity chemical acetylacetone 
(2.5 kg ~ $75) and subjected to adapted Mannich 
conditions with cinnamaldehyde-derived imine 3 
(Fig. 3). An evaluation of Lewis bases led to se- 


lection of cinchonidine (7) as the catalyst of choice, 
providing Mannich product 4 in 70% isolated 
yield and 98:2 enantiomeric ratio (er) (94% yield, 
84:16 er before removal of the racemate by trit- 
uration). An x-ray diffraction study of a deriva- 
tive (26) revealed the formation of the illustrated 
(R) configuration at C-2. Note that this nominally 
corresponds to the incorrect configuration at C-2, 
but the advancement of this stereochemical mis- 
take was, in fact, critical to orchestrate downstream 
stereochemical outcomes and efficiently complete 
the synthesis (see below). The strategic selection 
of cinnamyl imine 3 as the Mannich electrophile 
translated to the installation all five carbons of the 
pactamycin core, with appropriate functional han- 
dles, in this initial C-C bond construction. This 
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Fig. 2. Synthetic plan enabling modular introduction of functionality. (A) Hidden symmetry 
recognition within the pactamycin core. Blue dots highlight a five-carbon chain from which to begin the 
synthesis. Ac, acetyl. (B) Red dashed arrows illustrate the pivotal Mannich addition and symmetry- 
breaking reduction steps. (C) Proposed modular construction of pactamycin. The colored components may 
be varied and introduced for analog synthesis and SAR studies. 


Fig. 3. Mannich reaction and diastereoselective diketone monoreduction. 
This two-step sequence installs all pactamycin core carbons, as well as three 
contiguous stereocenters. Reagents and conditions are as follows: (a) catalyst 
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reaction constitutes a useful advance in the syn- 
thesis of differentiated, highly functionalized 1,2- 
diamines by adaptation of the Schaus conditions 
to a new nucleophile-electrophile pair; exten- 
sion to other urea-carbamate combinations can 
be envisaged. 

The proposed desymmetrization of the Mannich 
adduct (4 — 5) is complicated by the fact that 
four diastereomeric monoreduction products are 
possible. Lithium tri(fert-butoxy)aluminum hydride 
(LTBA) emerged as a superior reducing agent for 
the desymmetrization, affording hydroxyketone 
5 with high diastereoselectivity [>10:1 ratio of 
§:X(other diastereomers)] in 72% yield. This re- 
duction delivered the illustrated (1R,2R,7S)- 
product; therefore, the incorrect C-2 isomer was 
parlayed into the correct C-1/C-7 configurations. 
Subsequent silyl protection of the C-7 hydroxyl 
gave methyl ketone 6. 

Our attention then shifted to installation of the 
C-4 side chain and cyclization to complete the 
cyclopentenone core (Fig. 4). We treated the lith- 
ium enolate of ketone 6 with formaldehyde gas 
(generated in situ by the pyrolysis of paraformal- 
dehyde), which resulted in the single-aldol addi- 
tion product 8 (27, 28). Alkene ozonolysis furnished 
aldehyde 9 poised for intramolecular aldol con- 
densation. Cyclization of the B-hydroxy ketone 
(29) was effected upon treatment with sodium 
methoxide to provide the five-membered pactamycin 
core structure (10) in 50% yield over two steps. 
Under the basic reaction conditions, the config- 
urationally labile C-2 stereocenter was inverted, 
and only the correct C-2 isomer was observed in 
the product enone 10. This serendipitous event 
corrected our initial stereochemical error, simpli- 
fying subsequent core manipulation. 

With cyclopentenone 10 in hand, three chal- 
lenges remained: (i) C-5 methide addition, (ii) 
C-4 hydroxylation, and (iii) C-3 aniline installa- 
tion. Inspired by a related approach by Hanessian 
and co-workers (/7, /8), we pursued an epoxidation- 
nucleophilic aniline ring-opening sequence for ac- 
cess to the ¢rans-anilinoalcohol. We anticipated 
that subsequent nucleophilic methylation of the 
C-5 ketone would complete the core functional- 
ization. As we explored this proposed route, we 
discovered the importance of both the order of 
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7 (20 mol %), dichloromethane (CH2Cl,), —65°C; (b) LTBA, tetrahydrofuran 
(THF), —40°C; (c) tert-butyldimethysilyl trifluromethanesulfonate (TBSOTF), 2,6- 
lutidine, CH2Cl2, -78°C. Ph, phenyl. 
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Fig. 4. Elaboration of 6 to pactamycin (1) via modular incorporation 
of unprotected functionality. Reagents and conditions are as follows: (a) 
lithium diisopropylamide, formaldehyde [CHO], THF, -78° to —45°C; (b) 
ozone (03), CH2Cl2, -78°C, then dimethylsulfide (Me2S), -78°C to room tem- 
perature (rt); (c) sodium methoxide (NaOMe), THF, 0°C; (d) hydrogen peroxide 
(H20,.), sodium hydroxide (NaOH), 7:1 CH2Cl,:methanol (MeOH), 0°C; (e) 


j 


pactamycin (1) <— 
82% 


chloro(tert-butyl)diphenylsilane (TBDPSCU), triethylamine (NEt;), dimethyla- 
minopyridine (10 mol %), CH2Clz, 0°C to rt; (f) methylmagnesium bromide 
(MeMgBr), THF, 0°C; (g) 3-acetylaniline (17), scandiumi(II!) trifluoromethane- 
sulfonate [Sc(OTf)3], toluene, 60°C; (h) TBAF, THF, 0°C; (i) potassium car- 
bonate (K,CO;), 18, dimethylacetamide; (j) palladium hydroxide on carbon 
[Pd(OH),/C], Hz (1 atm), MeOH. 


these steps and the protecting group identity at 
the C-4 hydroxymethylene. 

Nucleophilic epoxidation of enone 10 with 
basic hydrogen peroxide provided epoxy alcohol 
11 with high diastereoselectivity. The sterically 
demanding ‘ert-butyldiphenylsilyl (TBDPS) pro- 
tecting group was imperative to ensure diastereo- 
selective addition in the subsequent C-5 methylation 
and to withstand the aniline epoxide-opening 
conditions. Installation of the silyl group provided 
ketone 12, which was then treated with a methyl 
Grignard reagent to provide carbinol 13, from the 
required concave facial trajectory. Nucleophile 
approach from the convex surface of analogous 
oxabicyclo[3.1.0]hexane systems is well docu- 
mented (/7, 78, 30) and would have provided the 
wrong stereochemical outcome. In the present 
case, we surmise that this innate preference is 
overridden, at least in part, via direction by the 
urea functionality, lending additional support to 
the strategic decision to incorporate this function- 
ality in its native form from the outset. Epoxide 
12 is the crucial branch point for analog synthesis 
and has been reached in gram quantity on a single 
pass. The epoxide was subjected to a Sc(OTf);- 
promoted (OTf, trifluoromethanesulfonate) nu- 
cleophilic ring opening with 3-acetylaniline (17), 
proceeding in 66% yield with 18% recovery of 
the starting material to install the C-3 aniline de- 
rivative. The addition of this anilino functionality 
in its desired, unprotected form completed func- 


and exploited by Hanessian ef al. (/7, 18) proved 
effective in completing the sterically encumbered 
acylation and providing penultimate intermediate 


demonstrated. 
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Speleothems Reveal 500,000-Year 
History of Siberian Permafrost 


A. Vaks,?* 0. S. Gutareva,? S. F. M. Breitenbach,? E. Avirmed,* A. J. Mason, A. L. Thomas,* 
A. V. Osinzev,> A. M. Kononov,” G. M. Henderson? 


Soils in permafrost regions contain twice as much carbon as the atmosphere, and permafrost has an 
important influence on the natural and built environment at high northern latitudes. The response 

of permafrost to warming climate is uncertain and occurs on time scales longer than those assessed by 
direct observation. We dated periods of speleothem growth in a north-south transect of caves in 
Siberia to reconstruct the history of permafrost in past climate states. Speleothem growth is restricted to 
full interglacial conditions in all studied caves. In the northernmost cave (at 60°N), no growth has 
occurred since Marine Isotopic Stage (MIS) 11. Growth at that time indicates that global climates only 
slightly warmer than today are sufficient to thaw extensive regions of permafrost. 


frozen throughout the year) cover 24% of 

the Northern Hemisphere land surface and 
hold ~1700 Gt of organic carbon. When it thaws, 
permafrost releases CO, and CHy, turning a long- 
term carbon sink into a source and enhancing the 
greenhouse effect (/, 2). Permafrost degrada- 
tion also intensifies thermo-karst development, 
coastline erosion, and liquefaction of ground pre- 
viously cemented by ice. The latter endangers 
infrastructure, including major Siberian oil and 
gas facilities (3). An ability to predict the extent 
of future permafrost degradation is desirable. 

Assessing the response of permafrost to 
changing climate can be difficult. Instrumental 
records during the past 20 years indicate sub- 
stantial warming and thawing of local permafrost 
conditions (4), but permafrost at regional scales is 
slow to respond to warming, and instrumental 
records are insufficient to capture the long-term 
behavior. To understand the long-term response 
of permafrost to climate change requires knowl- 
edge of past permafrost conditions. Dating of or- 
ganic material (5) or ground ice (6) can indicate 
the age of existing permafrost but cannot reveal 
the longer-term history of permafrost. 

Here, we used cave carbonates (speleothems) 
as a tool to date past permafrost and its relation- 
ship to global climate. Vadose speleothems (stalac- 
tites, stalagmites, and flowstones) form when 
meteoric waters (i.¢., originating from atmospheric 
precipitation) seep through the vadose zone into 
caves. Cave temperatures usually approximate 
the local mean annual air temperature (MAAT) 
because of buffering by the surrounding rock (7). 
When cave temperatures drop below 0°C, waters 
freeze and speleothem growth ceases. Speleothems 
found in modern permafrost regions are therefore 
relicts from warmer periods before permafrost 
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formed (8-/0). Absence of water also prevents 
speleothem growth in arid settings, so speleothem 
growth episodes in modem deserts are proxies 
for past wet periods (//). Because speleothems 
can be robustly and precisely dated with U-Th 
techniques, they provide a detailed history of pe- 


Ei continuous permafrost (90-100 %) 


be _ discontinuous permafrost (50-90 %) 
= 


sporadic permafrost (10-50 %) 
isolated patches (0-10 %) 
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riods when liquid water was available and when 
both permafrost and desert conditions were absent. 

We reconstructed the history of Siberian 
permafrost (and the aridity of the Gobi Desert) 
during the past ~500,000 years, by means of 
U-Th dating of speleothems in six caves along 
a north-south transect in northern Asia from 
Eastern Siberia at 60.2°N to the Gobi Desert at 
42.5°N (Fig. 1). The northemmost cave, Lenskaya 
Ledyanaya, sits today on the boundary of con- 
tinuous permafrost with MAAT substantially be- 
low 0°C (/2). The permaftost type changes toward 
the southwest to discontinuous, sporadic, and 
then permafrost-free conditions (/3) (Fig. 1). An- 
nual precipitation in this Siberian region is 400 
to 600 mm/year, falling mainly during summer. 
To the south, in the Gobi, MAAT ranges from 
+2°C to +8°C and little precipitation falls (80 to 
200 mnvyear) (/4). 

Speleothem thickness provides an indica- 
tion of long-term liquid water availability along 
the transect. Only 8 cm of growth is seen in the 
northernmost cave, increasing to ~70 cm in the 


locations of studied caves. Caves are indicated as black circles. [Permafrost data are from (30)]. 
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caves of southern Siberia and decreasing again to 
less than 30 cm in the Gobi. As expected, south- 
ern Siberia is more suitable for speleothem growth 
than the cold north or the dry south. All recovered 
speleothems show a texture of calcium carbonate 
layers alternating with growth hiatuses (see sup- 
plementary materials). 

Thirty-six speleothems were collected from 
the caves, and 111 U-Th ages were determined 
(Fig. 2A). In each speleothem, at least one sam- 
ple was taken from the outermost layer and from 
each section of growth (i.e., between hiatuses) 
inward, until the limits of the U-Th chronology 
were reached (age ~500,000 years) to assess all 
periods of growth. A full description of the sam- 
ples and their subsampling and dating is given in 
the supplementary materials. 

The youngest speleothem growth in the re- 
gion of modern continuous permafrost (i.e., at 
60°N) occurred during interglacial Marine Iso- 
topic Stage 11 (MIS-11), contrasting with the cen- 
ter of the transect where speleothems grew during 
all interglacials (Fig. 2, A and B). Age ranges in 
southern Siberia also demonstrate that the dura- 
tion of speleothem deposition in MIS-11 was 
longer than during subsequent interglacials. These 
observations indicate that permafrost thawing dur- 
ing MIS-11 was more extensive than at any other 
point during the last 450,000 years and extended 
northward of 60°N, significantly further north 
than the present limit of continuous permafrost. 
Some similar thawing may also have occurred at 
MIS-13 in this most northerly cave. The absence of 
any observed speleothem growth since MIS-11 
in the northerly Lenskaya Ledyanaya cave, de- 
spite dating the outer edges of eight speleothems, 
suggests the permanent presence of permafrost at 
this latitude since the end of MIS-11. Speleothem 
growth in this cave occurred during early MIS-11, 
ruling out the possibility that the unusual length 
of MIS-11 caused the permafrost thawing. 

MIS-11 was also characterized by wetter con- 
ditions in the Mongolian Gobi Desert, as shown 
by two ages from Shar-Khana Cave speleothems 
(Fig. 2A), which contrast with the absence of 
growth during subsequent interglacials. The ex- 
istence of a humid event in the Gobi during early 
MIS-11 is supported by mollusk assemblages from 
the Chinese Loess Plateau (/5) and by the domi- 
nance of input into Lake Baikal via the Selenga 
River during MIS-11 (6). 

The degradation of permafrost at 60°N during 
MIS-11 allows an assessment of the warming 
required globally to cause such extensive change 
in the permafrost boundary. There is compelling 
evidence that MIS-11 was the warmest of recent 
interglacials, including the presence of boreal 
forest on South Greenland at that time (/7), the 
absence of ice-rafted debris in the North Atlantic 
(/8), increased sea levels (/9), and higher sea 
surface temperatures (SSTs) in the tropical Pa- 
cific (20-22). Mg/Ca reconstructions (2/, 22) 
indicate that the SST of the Pacific Warm Pool 
(PWP) reached >30°C in early MIS-11, com- 
pared to 29.5°C in MIS-5.5 and ~28.5°C during 


the pre-industrial Late Holocene (Fig. 2D). This 
tropical heat was transported poleward (23), and 
there is evidence of unusual warmth in Siberia 
during MIS-11, evidenced by the high fraction of 


biogenic silica in the sediments of Lake Baikal 
(24) (Fig. 2C) and high spruce pollen content in 
Lake El’ gygytgyn, suggesting local temperatures 
4° to 5°C above the present (25). When PWP 
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Fig. 2. Comparison of speleothems’ growth periods in Siberia and Mongolia with other paleo- 
climate records of the past 500,000 years. Gray vertical bars indicate periods of growth in Okhotnichya 
and Botovskaya caves. (A) Distribution of speleothem U-Th ages [in thousands of years (kyr); +2c] in time 
and space; n = total number of U-Th age determinations per cave, including those beyond the U-Th range. 
(B) Benthic 8"°0 stack (31) with MIS numbers. (C) Concentration of biogenic silica in Lake Baikal sedi- 
ments (24). (D) Pacific Warm Pool Mg/Ca SST, with the pre-industrial Late Holocene SST shown by red 
horizontal fragmented line (21, 22). (E and F) CH, and CO, records, respectively, of EPICA Dome C (26, 27). 
(G) Summer insolation at 55°N (29). Speleothems with ages exceeding 500,000 years (within +2o range) 
are not shown in (A) but are accounted for in n. Two samples, SLL9-2-A+B and SOP-32-B, are not included 
because they reflect a mixture of material from different layers; see table S1. 
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Fig. 3. Comparison of MIS-5.5 and Holocene speleothems’ growth 
periods with other paleoclimate records. Gray vertical bars indicate periods 
of growth. (A) Siberian speleothem growth periods during the Holocene and 
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MIS-5.5. (B) East Asian monsoon records from Hulu and Sanbao caves (32). (C) 
GICCOS 5780 (33, 34). (D and E) CH, and CO, records, respectively, of EPICA 
Dome C (26, 27). (F) Summer insolation at 55°N (29). 
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temperatures reached 30°C, this appears to have 
caused more pronounced warming of northern 
continents and to have led to substantial north- 
ward migration of the permafrost boundary. 

Periods of Siberian speleothem growth since 
MIS-11 suggest a close link between greenhouse 
warming (hence global temperatures) and per- 
mafrost extent. After a brief hiatus in growth 
after MIS-11 (from 370,000 to 355,000 years ago), 
coinciding with a minimum in atmospheric CO, 
and in PWP SST during MIS-10 (Fig. 2, D and F), 
large thicknesses of speleothem grew in Southern 
Siberia during MIS-9 as greenhouse gases re- 
tumed to higher values. Speleothems also grew 
actively during MIS-5.5 and the Holocene (>5 cm) 
when CO, levels were high. In contrast, growth 
during MIS-7, a period of lower CO, and cooler 
global conditions, is minimal (maximum 1.5 cm 
in any studied cave), and no growth is observed 
during MIS-5.4 to 5.1. Conditions during MIS-7 
were at the very limit for growth in southern 
Siberia: Speleothems grew during MIS-7.3 and 
7.1 in Okhotnichya Cave (52°N) but only dur- 
ing MIS-7.1 just to the north at Botovskaya Cave 
(55°N). No growth occurred during MIS-7.5 at 
either cave despite higher concentrations of CO, 
and CH, than later in MIS-7 (26, 27) and high 
PWP SST (Fig. 2, D to F) (2/, 22). Lake Baikal 
biogenic silica (24) and the percentage of arboreal 
pollen in Lake El’gygytgyn sediments (28) are 
also lower during MIS-7.5 than during MIS-7.3 
and 7.1. Lower local summer insolation during 
MIS-7.5 (Fig. 2G) (29) suggests a role for local in- 
solation in overprinting a Siberian climate domi- 
nantly controlled by global greenhouse gas levels. 

U-Th dating of Siberian speleothem growth 
during recent interglacials allows detailed com- 
parison of permafrost history with other aspects 
of the global climate system (Fig. 3). During 
MIS-S.5, speleothems started growing between 
128,700 and 127,300 years ago, and this growth 
ended between 119,200 and 118,100 years ago 
(as determined from Bayesian analysis of U-Th 
data using OxCal-4.1; see supplementary ma- 
terials). The permafrost thawing initiated when 
insolation was close to its maximum and green- 
house gases had just reached maximum values. 
Holocene permafrost degradation at our sites lags 
maximum insolation and greenhouse gas concen- 
trations slightly, and starts between 10,000 and 
9800 years ago. This lag may be due to the time 
required for permafrost to thaw at the slightly 
lower insolation and CO, levels of the Holocene 
(relative to MIS-5.5). 

Overall, dated periods of speleothem growth 
allow an assessment of the relationship between 
global temperature and permafrost extent. PWP 
SST was 0.5° to 1.0°C higher during MIS-5.5 
and ~1.5°C higher during early MIS-11 relative to 
the pre-industrial Late Holocene (Fig. 2D) (2/7, 22). 
Using PWP SST as a surrogate for global tem- 
perature (2/) suggests that an increase in global 
temperatures by 0.5° to 1.0°C will degrade only 
noncontinuous permafrost in southern Siberia, 
with the Gobi Desert remaining arid. Warming of 


~1.5°C (i.e., as in MIS-11) may cause a substantial 
thaw of continuous permafrost as far north as 60°N 
and may create wetter conditions in the Gobi De- 
sert. Such warming is therefore expected to mark- 
edly change the environment of continental Asia 
and can potentially lead to substantial release of 
carbon trapped in the permafiost into the atmosphere. 
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A Long-Lived Relativistic Electron 
Storage Ring Embedded in Earth's 
Outer Van Allen Belt 


D. N. Baker,** S. G. Kanekal,” V. C. Hoxie,” M. G. Henderson, X. Li,? H. E. Spence,* 
S. R. Elkington,’ R. H. W. Friedel,? J. Goldstein,> M. K. Hudson,® G. D. Reeves,> 
R. M. Thorne,’ C. A. Kletzing,® S. G. Claudepierre? 


Since their discovery more than 50 years ago, Earth’s Van Allen radiation belts have been considered to 
consist of two distinct zones of trapped, highly energetic charged particles. The outer zone is composed 
predominantly of megaelectron volt (MeV) electrons that wax and wane in intensity on time scales ranging 
from hours to days, depending primarily on external forcing by the solar wind. The spatially separated 
inner zone is composed of commingled high-energy electrons and very energetic positive ions (mostly 
protons), the latter being stable in intensity levels over years to decades. In situ energy-specific and 
temporally resolved spacecraft observations reveal an isolated third ring, or torus, of high-energy 

(>2 MeV) electrons that formed on 2 September 2012 and persisted largely unchanged in the geocentric 
radial range of 3.0 to ~3.5 Earth radii for more than 4 weeks before being disrupted (and virtually 
annihilated) by a powerful interplanetary shock wave passage. 


surrounding Earth were the first major dis- 


T= magnetically confined radiation zones 
covery of the Space Age in 1958 (/—-4). 


Long-term observations of these energetic par- 
ticle populations have subsequently shown dra- 
matic, highly dynamic changes of the outer Van 


12 APRIL 2013. VOL 340 SCIENCE www.sciencemag.org 


Allen belt. Previous, rather sparse measurements 
of the radiation environment suggested that pow- 
erful acceleration events for relativistic electrons 
occur on time scales ranging from minutes (5, 6) 
to many hours (7, 8). Thus, there has been direct, 
as well as circumstantial evidence that an im- 
mensely powerful and efficient accelerator oper- 
ates within the terrestrial magnetosphere just a 
few thousand kilometers above Earth’s surface. 
On 30 August 2012, twin NASA spacecraft, 
the Radiation Belt Storm Probes (RBSPs), were 
launched into highly elliptical, low-inclination 
orbits around Earth. The RBSP satellites are fully 
instrumented with identical energetic particle, 
plasma, magnetic field, and plasma wave sensors 
to measure and thoroughly characterize the ra- 
diation belt regions (9). The scientific payloads 
on board the RBSP spacecraft (renamed the 
“Van Allen Probes mission” by NASA at a for- 
mal ceremony on 9 November 2012) have un- 
precedented detection sensitivity, energy resolution, 
and temporal sampling capability. In particular, 
the Relativistic Electron-Proton Telescope (REPT) 
experiment (/0) measures the key ~1- to ~20-MeV 
electron population throughout the RBSP orbit, 
which extends from geocentric distances of ra- 
dius r = 1.2Rp to 5.8R_ (Re: Earth radius = 
6372 km). The REPT sensors were among the 
first instruments turned on and have been return- 
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Fig. 1. Relativistic Electron Probe 
Telescope data. Energetic elec- 
tron data from the RBSP satellites in 
eccentric orbits around Earth show- 
ing several discrete energy channels 
of the REPT instruments on board 
the spatially separated RBSP-A and 
RBSP-B spacecraft. Each panel's left 
y axis shows the L* parameter; the 
x axis shows time from 1 September 
to 4 October 2012. Electron differ- 
ential flux values (in units of elec- 
trons per square centimeter «second + 
steradian - megaelectron volt) are in 
a color-coded logarithmic scale as 
shown to the right of the figure. (A) 
Electrons in the energy range 3.2 < 
E < 4.0 MeV. (B) Electrons with 
4.0 < E < 5.0 MeV. (C) Electrons 
with 5.0 < EF < 6.2 MeV. 
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ing nearly continuous data from both Van Allen 
Probes spacecraft since 1 September 2012. 

Prior key measurements of Earth’s radiation 
environment have been made (//—/3), but some 
of the longest and most comprehensive radia- 
tion belt observations have previously come from 
sensors on board the Solar, Anomalous, and 
Magnetospheric Particle Explorer (SAMPEX) 
mission (/4). This spacecraft made low-Earth orbit 
observations of inner- and outer-zone particles 
from its launch in July 1992 until its recent atmo- 
spheric reentry and demise on 13 November 2012 
(15, 16). SAMPEX measured energy E > | MeV 
electrons at the near-Earth foot of magnetic field 
lines but was never able to look into the “throat” 
of the radiation belt accelerator in the magneto- 
spheric equatorial plane. This contrasts dramati- 
cally with the REPT-A and REPT-B instrument 
data collected by the Van Allen Probes from 
1 September 2012 through early October 2012 
(Fig. 1). These data show that a powerful elec- 
tron acceleration event was already in progress 
when the instruments were first turned on. The 
entire outer radiation belt was enhanced in elec- 
tron flux from E ~ 3.0 MeV (Fig. 1A) up to en- 
ergies well above the 5.0 < F< 6.2 MeV channel 
(Fig. 1C). At this time, the radiation belt pop- 
ulations clearly had the expected double-belt 
structure with an inner zone, an outer zone, and 
a “slot” region of greatly diminished intensity 
separating the two. 

What is most notable (and unexpected) is the 
clear emergence of a separate, previously unseen 
belt, or “storage ring,” of high-energy electrons 
that stands out clearly after 2 September 2012. 
This belt is evident in the E = 4.0 to 5.0 MeV 
range (Fig. 1B) and is the dominant flux feature 
in the .0 to 6.2 MeV energy range (Fig. 1C). 
This distinctive ring of highly relativistic elec- 
trons persists, changing only gradually, until its 
abrupt and almost complete disappearance late 
on | October 2012. Though the inner zone, the 


MAMAN 


H i" IW TEER 


“ti a 


Al AAA Mt hh NM 


TAA WM 


Hi 


il HAN 


2012-09-10 201 


A an nains hed ‘H 


Hl tA Muth ii) TTA 


eT A 


SAAT UTTAR AUTH iil 


9-20 


REPORTS 


slot region, and the relativistic storage ring (3.0 < 
L* <~3.5, where L* is the distance in Earth radii 
at which a magnetic field line crosses the mag- 
netic equatorial plane) change relatively little 
over this 4-week period, the more distant part 
of the outer Van Allen belt shows huge dy- 
namical changes with new electron populations 
appearing at L* > 4.0, beginning on ~7 Sep- 
tember and intensifying greatly over a period 
of 2 weeks. Subsequently, the outermost parts of 
the outer Van Allen zone grew and diminished 
further with little effect on the storage-ring fea- 
ture until the abrupt demise of virtually the en- 
tire outer-zone electron population at the end 
of 1 October. Other electron sensor systems on 
board the Van Allen Probes spacecraft, over- 
lapping partially in energy coverage with the 
REPT sensors, also detected the storage-ring 
feature (/7). 

The distinct storage-ring feature is more clearly 
evident in the meridional plane projection of 4.0- 
to 5.0-MeV electrons from the combined REPT-A 
and REPT-B instrument records (Fig. 2), In the 
earliest observational phase (1 to 3 September 2012), 
the expected two-belt structure of the Van Allen 
zones is clear (Fig. 2A). In the next phase from 3 
to 6 September, the relativistic storage ring was 
formed (Fig. 2B), probably largely by erosion and 
loss of the more distant parts of the outer zone. 
The storage ring persisted in a notably stable fash- 
ion (Fig. 2, C and D) throughout the remainder of 
September until its almost complete annihilation 
in early October 2012. 

Instruments on board the Combined Release 
and Radiation Effects Satellite (CRRES) space- 
craft (73) observed a powerful “injection” of high- 
energy electrons and protons deep into the inner 
part of Earth’s magnetosphere on 24 March 1991 
(5, 18, 19). This was a highly impulsive event 
caused by an exceptionally strong interplanetary 
shock wave (5, 6). This event is a stark example 
of the sudden appearance of a newly energized 
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population of both protons and electrons in a 
localized portion of the slot region of the radia- 
tion belts that is normally almost devoid of very 
energetic particles (19, 20). Moreover, this prior 
event contrasts with the storage-ring feature ob- 
served by the Van Allen Probes sensors: The 
storage ring clearly resulted largely from loss 
of the more distant portion of the outer-zone 
electron population rather than fresh, localized 
injection of the March 1991 type. The original 
acceleration of the electron population (before 
the turn-on of REPT on | September 2012) that 
eventually formed the storage ring may have re- 
sulted from local wave heating (2/7, 22), enhanced 
radial diffusion (23, 24), or both. 

Based on prior radiation belt research [e.g., 
(7, 15), the outer Van Allen zone electron pop- 
ulations would be expected to respond rather 
directly to changes in the solar wind, inter- 
planetary magnetic field (IMF), and geomagnetic 
activity. The development of the storage-ring 
feature itself (Fig. 3) was closely associated with 
the loss of outer-belt electrons after passage of an 
interplanetary shock wave on 3 September 2012, 
seen as a sharp increase in solar wind speed (Fig. 
3B) and abrupt change in the IMF (Fig. 3C). Sub- 
sequently, a new population of highly relativistic 
electrons emerged at a region around L* ~4.0 and 
grew in intensity and spatial extent (Fig. 3A) after 
a high-speed solar wind episode (Fig. 3B) on 
5 September. Another such period of high-energy 
electron flux diminution, reappearance, and in- 
tensification was seen from ~21 September to 
1 October 2012 (Fig. 3A), with this sequence 
again occurring in the wake of a powerful high- 
speed solar wind stream on 20 to 21 September 
(Fig. 3B). As noted above, one of the most abrupt 
and notable features of the entire data set was 
the nearly complete disappearance of the entire 
outer-zone electron population late on 1 October 
associated with another interplanetary shock wave 
(Fig. 3, B and C) and relatively strong geomag- 
netic storm [seen in disturbance storm time (Dst), 
which measures global magnetic field disturbance 
(Fig. 3D)]. 

Figure 3A shows that for the period of 1 to 
4 September 2012, the average plasmapause 
boundary was relatively close to Earth (L* ~ 3), 
and a powerful outer-zone electron acceleration 
event was occurring in the low—plasma-density 
region outside the plasmasphere. However, from 
~4 September until ~6 October, the plasmapause 
was much farther outward, around L* > 4. Thus, 
the storage-ring feature, as well as most of the 
outer Van Allen zone E > 4.5 MeV electron pop- 
ulation, was inside the high-density plasmasphere. 
However, in the traditional picture, the outer- 
zone electron belt would be largely outside the 
plasmasphere, and the slot region would be inside 
the plasmasphere outer boundary (2/—23, 25). 

The radiation belt particle populations are 
determined by a complex superposition of ac- 
celeration, transport, and loss processes modu- 
lated by their interactions with plasma waves 
(24). We are now seeing unexpected radiation 
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Fig. 2. Meridional plane projections. Projections of the REPT-A and REPT-B electron flux (4.0 to 
5.0 MeV) values, as shown according to the logarithmic color scale to the right of the figure. Each panel 
shows a limited interval of time in a magnetic latitude L* coordinate system. (A) For 1 to 3 September 2012, 
the expected two-belt Van Allen zone structure consists of an inner-zone electron population (L* < ~2.5), 
a relatively empty slot region (2.5 < L* < 3.0), and an outer-zone population (L* > 3.0). (B) From 3 
to 6 September, only an intense belt of electrons remains in the range 3.0 < L* < 3.5; the inner zone and 
traditional slot region have not changed. (C) The storage-ring belt, or torus, feature persists at 3.0 <1* <3.5, 
whereas a new slot region is seen at 3.5 < L* < 3.8, and a completely new outer-zone population has 
formed at L* > 3.8. (D) The storage-ring feature remains, whereas the outer zone at L* > 3.8 decays away. 
(E) The entire outer zone (L* > ~3.0) has virtually disappeared at these energies. 
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Fig. 3. Development of 
the storage ring. (A) 
Image similar to Fig. 1B, 
but also including the 
plasmapause, the outer 
boundary of the plasma- 
sphere (26) for the period 
1 September to 7 October 
2012. The white curve 
overplotted on the color- 
coded electron particle 
flux data in Fig. 3A shows 
the modeled, 3-day aver- 
aged plasmapause radial 
location that is in agree- 


ment with concurrent plas- of 
ma wave data (17, 27, 28). Ss 
(B) Concurrently measured id 
solar wind speed upstream 3 gz 

oy nn 


of Earth’s magnetosphere. 
(C) Interplanetary mag- 
netic field for the interval 
under study. |BI, the mag- 
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under study. 
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Fig. 4. Radiation belt structures. Diagrams providing a cross-sectional 
view of Earth’s radiation belt structure and relation to the plasmasphere. 
(A) Schematic diagram showing Earth, the outer and inner radiation belts, 
and the normal plasmaspheric location. (B) Similar to (A), but showing a 
more highly distended plasmasphere and unexpected triple radiation belt 


belt structures (Fig. 4), but have yet to fully 
understand them in the context of present ra- 


diation belt theory. 
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A Guanosine-Centric Mechanism 
for RNA Chaperone Function 


Jacob K. Grohman,”* Robert J. Gorelick,> Colin R. Lickwar,? Jason D. Lieb,? Brian D. Bower,* 


Brent M. Znosko,® Kevin M. Weeks?* 


RNA chaperones are ubiquitous, heterogeneous proteins essential for RNA structural biogenesis 
and function. We investigated the mechanism of chaperone-mediated RNA folding by following the 
time-resolved dimerization of the packaging domain of a retroviral RNA at nucleotide resolution. 

In the absence of the nucleocapsid (NC) chaperone, dimerization proceeded through multiple, 
slow-folding intermediates. In the presence of NC, dimerization occurred rapidly through a single 
structural intermediate. The RNA binding domain of heterogeneous nuclear ribonucleoprotein 

A1 protein, a structurally unrelated chaperone, also accelerated dimerization. Both chaperones 
interacted primarily with guanosine residues. Replacing guanosine with more weakly pairing inosine 
yielded an RNA that folded rapidly without a facilitating chaperone. These results show that 

RNA chaperones can simplify RNA folding landscapes by weakening intramolecular interactions 
involving guanosine and explain many RNA chaperone activities. 


utside the cellular environment or in the 
O absence of chaperone proteins, most RNAs 

fold via complex pathways involving 
multiple, long-lived intermediates. RNA chap- 
erone proteins with non- or semispecific RNA 
binding activities accelerate adoption of the 
thermodynamically most stable RNA structure 
by lowering the energetic barriers between RNA 
states and by facilitating rearrangement of mis- 
folded states (/—-4). Retroviruses package two RNA 
genomes in each virus particle (5). These genomes 
dimerize near their 5’ ends, and dimerization is 
catalyzed by an RNA chaperone, nucleocapsid 
(NC), which is derived from the retroviral Gag 
protein that coassembles with the viral RNA to 
generate replication-competent virus (2, 6, 7). By 
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following the dimerization of a region of the 
Moloney murine leukemia virus (MuLV) genomic 
RNA at single-nucleotide resolution, we uncovered 
a simple mechanism for how a retroviral nucleo- 
capsid chaperone protein functions. 

We studied an RNA construct spanning the 
170-nucleotide (nt) MuLV dimerization region 
(8-10) and including 5’ and 3’ flanking sequences 
of 46 and 115 nucleotides, respectively. This RNA 
dimerizes under physiological-like conditions 
in vitro and has a structure similar to that of ge- 
nomic RNA isolated from virions (//, /2). Point 
mutations in this region of the MuLV genome 
eliminate its selective packaging into virions (/0). 
We followed dimerization at single-nucleotide 
resolution using time-resolved, selective 2'-hydroxyl 
acylation analyzed by primer extension (SHAPE) 
(13, 14). A fast-acting reagent, benzoyl cyanide 
(BzCN), that either reacts to form a 2'-O-adduct 
at conformationally flexible nucleotides or under- 
goes rapid self-inactivation by hydrolysis (with 
a 0.25-s half-life), was used (/4). Each time point, 
obtained over reactions spanning tens of minutes, 
thus yields a structural snapshot of ~1 s duration. 

SHAPE profiles for the initial monomer and 
final dimer forms agree well with accepted struc- 
tures for the MuLV dimerization domain (fig. S1 


and text S1). Five key regions underwent large- 
scale structural changes during dimerization 
(Fig. 1). The loops of hairpins SL1 and SL2 (po- 
sitions 329 to 332 and 363 to 366, respectively) 
were reactive in the monomer and became un- 
reactive during dimerization (within 7 s), con- 
sistent with formation of a stable intermolecular 
loop-loop kissing interaction (/5). Two palin- 
dromic sequences, PALI (positions 210 to 219) 
and PAL2 (positions 283 to 298), were initially 
reactive but became unreactive because of inter- 
molecular duplex formation in the dimer. Con- 
versely, two regions that form the “anchoring 
helix” (positions 231 to 251 and 290 to 315) in 
the monomer became more reactive upon dimer 
formation (Fig. | and fig. S1). 

We obtained SHAPE data for every nucleo- 
tide within the 170-nt MuLV domain in 16 I-s 
snapshots yielding more than 2700 structural data 
points. We grouped nucleotides with similar ki- 
netic behaviors by k-means clustering (/6). In 
the presence of 5 mM Mg?” and without a pro- 
tein chaperone, there were seven distinct kinetic 
behaviors involving four net rates (Fig. 2A). Rates 
were identical, within error, over a three-fold 
change in RNA concentration (fig. $2), indicat- 
ing that most conformational changes reflect 
pseudo-unimolecular transitions between two in- 
teracting RNAs. The fastest rate of >5 min | (Fig. 
2A; cluster la, in orange on structures at bottom) 
occurred at nucleotides at the apexes of SL1 
and SL2, suggesting formation of a complex 
between two RNAs before the first time point. 
PALI nucleotides became less reactive at a net 
rate of 1.6 + 0.4 min! (Fig. 2A, cluster 1b, green 
on structures). The anchoring helix and PAL2 
nucleotides demonstrated opposing kinetic behav- 
iors (rates of 0.30 + 0.03 min ') (Fig. 2A, clusters 
2 and 3, in red), suggestive of a single process 
involving both structures. Positions in a large, 
flexible domain (positions 251 to 282) showed 
slower kinetic behavior with a net rate of 0.11 + 
0.02 min! (Fig. 2A, cluster 4, in black on struc- 
tures). Finally, nucleotides in clusters 5 and 6 
showed biphasic kinetic behavior in which the 
SHAPE reactivity first increased and then de- 
creased over time, or vice versa, with rates of 
1.6 and 0.1 min’. Time-resolved SHAPE anal- 
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ysis of the MuLV domain thus reveals that di- 
merization is complex, slow, and characterized 
by multiple structurally distinct transitions and 
intermediates. 

We next performed an analogous set of ex- 
periments initiating dimerization by simultaneous 
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PAL1 helix 
SHAPE | i | 


reactivity monomer 


SHAPE reactivity 
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addition of magnesium ion and the MuLV NC 
protein. With the addition of chaperone, clus- 
tering of the SHAPE data revealed that the NC 
protein collapsed dimerization into a single ki- 
netic process that occurred at a net rate of 1.6 + 
0.4 min | (Fig. 2B). There was no evidence of 
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Fig. 1. Time-resolved SHAPE analysis of MuLV RNA dimerization. SHAPE reactivities are shown 
for monomer (no magnesium), dimer (60 min), and representative time points in which specific 
structural intermediates predominate. Key structural interactions that change during dimerization 


are highlighted within sets of dashed blue lines. 
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the slow and multirate processes that character- 
ized the RNA-only reaction. 

Initial binding interactions between the NC 
chaperone and RNA monomer were readily de- 
tected in a difference analysis in which the SHAPE 
profile, immediately after NC binding, was sub- 
tracted from that of the reactivity profile of the 
free RNA (Fig. 3A). Of the 29 nucleotides with 
the largest changes in SHAPE reactivity, 19 (or 
66%) are guanosine residues (Fig. 3, A and B, 
and text $2), consistent with studies showing 
that NC contains a cleft that binds guanosine (/7). 
Sites of protection (positive peaks) likely cor- 
respond to sites of stable binding by NC during 
the 1-s window of the time-resolved SHAPE ex- 
periment; the smaller number of guanosine resi- 
dues with higher reactivity in the presence of 
NC (negative peaks) likely reflect either a rapid 
binding and release or NC-induced conforma- 
tional changes. 

The preference of NC to interact at guano- 
sine residues prompted us to consider whether 
NC exerts its RNA chaperone activity by desta- 
bilizing interactions between guanosine and other 
nucleotides. We explored the dimerization reac- 
tion using an RNA in which all guanosine resi- 
dues were replaced by inosine, in essence removing 
a single amine group from each guanosine posi- 
tion. Inosine-cytosine pairs are iso-structural with 
guanosine-cytosine pairs, but are ~1 kcal/mol 
less stable (Fig. 4A); inosine also pairs more 
weakly with uridine than guanosine (/8). The 
guanosine-to-inosine substitution will thus re- 
duce both the strength and the promiscuity of 
alternative base pairs during the RNA folding 
reaction. 

The inosine-substituted RNA formed es- 
sentially the same final dimer structure as the 
guanosine-containing MuLV domain as indicated 
by SHAPE-directed modeling (/9) (fig. S3A), 
and individual nucleotide SHAPE reactivities 
for the inosine and native MuLV domain dimers 
are strongly correlated (R? = 0.88) (Fig. 4B). 
Although the overall secondary structures for 
inosine and native RNAs in the monomer states 
are similar (fig. $3, B and C), SHAPE reactivities 
correlate poorly (R° = 0.26) (Fig. 4C). However, 
adding NC to the guanosine-containing mono- 
mer converts this RNA to a structure that has a 
SHAPE profile highly similar to that of the ino- 
sine RNA monomer (R? = 0.87) (Fig. 4D). The 
inosine-substituted RNA is thus a good model 
both for the NC-destabilized native RNA in the 
monomer state and for the final dimer. 

Time-resolved SHAPE analysis of dimeri- 
zation of the inosine-substituted RNA in the ab- 
sence of NC revealed a single, fast kinetic step 
involving similar nucleotides as NC-mediated 
dimerization of the native sequence RNA (com- 
pare Fig. 2B and 2C). The dimerization rate of 
the inosine RNA was accelerated by a factor of 
7 relative to that of the free native RNA. The 
NC protein does not affect the structure of the 
inosine-substituted RNA (Fig. 3C). A nondena- 
turing gel-based analysis confirmed that addition 
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Fig. 2. Model-free clustering of nucleotide-resolution kinetic profiles 
for dimerization. SHAPE reactivities at 600 nM MuLV RNA (A) in the absence 
of and (B) in the presence of 8 .M NC, and (C) for an RNA containing inosine 
in place of guanosine. Each data point is shown on a scale (black to red) corre- 
sponding to its SHAPE reactivity (see Fig. 1). The y axis shows every nucleotide 
(170 positions) in the MuLV dimerization domain RNA in an order determined by 
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and representative kinetic profiles and observed net rates are shown for each 
cluster. Rates are reported as the mean for all nucleotides in each cluster + the 
standard deviation. Positions of nucleotides in each cluster are shown in structural 
cartoons below each kinetic profile, colored by rate: orange > green > red > 
black. For clarity, only one strand of the dimer is colored. 
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of NC protein had no effect on the rate of for- 
mation of the final dimer state for the inosine- 
substituted RNA (fig. S4). Replacement of guano- 
sine with inosine thus both abrogates most of 
the need for the RNA chaperone activity of the 
NC protein and converts the RNA into a form 
that folds via a simple and direct pathway (com- 
pare Fig. 2A and 2C). 

The unwinding domain of the heterogeneous 
nuclear ribonucleoprotein (hnRNP) Al protein 
(UP1) contains an arginine-rich RNA recogni- 
tion motif and has potent RNA chaperone ac- 
tivity (7, 20). UPI has no structural similarity 
with NC except that both proteins contain clefts 


GG 


that bind guanosine (Fig. 4, E and F). As in the 
presence of NC, UP1-mediated dimerization of 
the MuLV domain proceeded in a single, fast 
kinetic step (fig. S5) accelerated by a factor of 
~20 (Kops > 2 min ') relative to the RNA alone. 
Of the initial interaction sites (at ~7 s) for UP1 
on the native monomer RNA, 52% were gua- 
nosine residues (Fig. 3D and text $2). The set of 
guanosines contacted most strongly by UP in- 
cluded some but not all of the guanosines con- 
tacted by NC (compare Fig. 3B and 3E). UPI 
had no effect on the dimerization rate of the 
inosine-substituted RNA (Fig. 3F and fig. $4). 
UPI is not known to play a role in structure re- 
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Fig. 3. Initial interactions between NC and UP1 with the MuLV monomer. 
(A and D) SHAPE difference plots illustrating the effect of (A) NC or (D) UP1 
binding to the native dimerization domain 7 s after protein addition. Sites of 
strongest interaction, corresponding to SHAPE differences greater than 20%, 
are highlighted in blue; those that occur at guanosine residues are labeled 
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arrangements for the MuLV RNA genome, yet 
is a potent facilitator of RNA dimerization of the 
MuLV domain and does so by a mechanism sim- 
ilar to the cognate NC chaperone. 

Our data support a model of MuLV genomic 
dimerization in which two MuLV monomers ini- 
tially associate rapidly via loop-loop interac- 
tions; subsequent steps for RNA-only folding 
are complex, involve multiple intermediates, and 
proceed slowly (Fig. 4G). In the presence of the 
chaperone, RNA dimerization was accelerated 
by a factor of more than 10 and appeared to 
occur in a single kinetic step, indicating that the 
chaperone function accelerated multiple classes 


SHAPE 
reactivity 


Hrtbitil 
-o0a> 000 


guanosine residues 
less reactive upon 
protein binding at 7 sec 


¢ 

6 pouo ““e 
.u 4A Ano 
cS A oe ae 
‘ wo-8 = E 

a ¢ G—c 
b= e=$ 
- = 
8 6 e=8 
e— Sccocane—§ 
ae HM 


with a G. (B and E) Superposition of strongest initial interaction sites for (B) 
NC and (E) UP1 on a MuLV dimerization domain secondary structure model. 
Structures are colored by SHAPE reactivity before protein binding. (C and F) 
SHAPE difference plots illustrating the lack of an effect of (C) NC or (F) UP1 
binding to the inosine-substituted RNA. 
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of slow RNA conformational changes (Fig. 4G). 
Our data indicate that RNA chaperones NC and 
UPI both act by binding to exposed guanosine 
residues in RNA, thereby destabilizing stron- 


ger base pairings and creating a simplified fold- 
ing pathway (text $3). The two proteins contact 
distinct, partially overlapping sets of guanosine 
residues in their initial interactions with RNA; 


thus, many possible guanosine-binding activities 
may support RNA chaperone function. The NC 
and UPI chaperones also bind to the final na- 
tive sequence dimer in patterns that are distinct 
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Fig. 4. Role of guanosine in RNA structure and mechanism of chaperone- 
mediated RNA folding. (A) Average stabilities (AG°37) of nearest neigh- 
bor base pair combinations involving one G-C, I-C, or A-U pair and one 
Watson-Crick pair in 1 M NaCl (28, 22), with representative structures. 
Standard deviations for the nearest-neighbors combinations are shown 
with lines. (B to D) Correlations between SHAPE reactivity profiles of (B) 
native and inosine-substituted dimers (obtained at 30 min dimerization 
time points), (C) native and inosine-substituted monomers (obtained just 
before addition of Mg**), and (D) the native RNA after a 7-s interaction 
with NC versus the protein-free inosine-substituted monomer (both in the 
presence of Mg”*). The inosine dimer and native dimer in the presence of 
NC (not shown) also show a strong correlation (R* = 0.89) reflecting that 
NC binds at relatively few sites in the native dimer (fig. $6). (E and F) 


Structures of (E) NC (17) and (F) UP1 (23) chaperones, emphasizing that 
both have a guanosine-binding pocket and that flanking nucleotides in- 
teract in an extended conformation. NC and UP1 bind guanosine in dis- 
tinct ways involving anti and syn nucleotide conformations, respectively. 
(G) RNA-only (top) and chaperone-catalyzed (bottom) MuLV genome as- 
sembly mechanisms. Net rates are reported for each step. The overall 
reaction proceeds sequentially as indicated by (i) the change in reaction 
order (from second to first, yielding a large increase in effective RNA con- 
centration) upon formation of the initial SL1-SL2 kissing interaction in the first 
step and (ii) the observation of biphasic profiles (Fig. 2) that include both the 
1.6 and 0.1 min™ processes. Evidence for a specific order of the 0.3 min * 
process is less strong, and this step may occur in parallel with the 0.1 min? 
conformational change. 
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from their initial interactions with the monomer 
state (fig. S6). These data suggest that chaperone 
binding does not discriminate between folded 
and misfolded RNA states per se but that gua- 
nosine nucleotides are ultimately arranged in 
the final structure in such a way that chaperone 
binding (or inosine substitution) does not overly 
destabilize the final RNA structure. In this way, 
a guanosine-centric mechanism for RNA chap- 
erone function is analogous to the mechanism of 
some chaperones that facilitate protein folding 
that destabilizes interactions involving hydropho- 
bic amino acid residues (2/). In these cases, both 
RNA and protein chaperones simply interact with 
residues especially prone to forming stable in- 
termediate and non-native states. 
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A Histone Acetylation Switch 
Regulates H2A.Z Deposition by the 
SWR-C Remodeling Enzyme 


Shinya Watanabe,” Marta Radman-Livaja,’ Oliver J. Rando,” Craig L. Peterson’* 


The histone variant H2A.Z plays key roles in gene expression, DNA repair, and centromere 
function. H2A.Z deposition is controlled by SWR-C chromatin remodeling enzymes that catalyze 
the nucleosomal exchange of canonical H2A with H2A.Z. Here we report that acetylation of 
histone H3 on lysine 56 (H3-K56Ac) alters the substrate specificity of SWR-C, leading to 
promiscuous dimer exchange in which either H2A.Z or H2A can be exchanged from nucleosomes. 
This result was confirmed in vivo, where genome-wide analysis demonstrated widespread 
decreases in H2A.Z levels in yeast mutants with hyperacetylated H3K56. Our work also suggests 
that a conserved SWR-C subunit may function as a “lock” that prevents removal of H2A.Z 

from nucleosomes. Our study identifies a histone modification that regulates a chromatin 
remodeling reaction and provides insights into how histone variants and nucleosome turnover 


can be controlled by chromatin regulators. 


within nucleosomes that flank promoters 

of genes transcribed by RNA polymerase 
II, as well as nucleosomes that flank chromatin 
boundary elements, centromeres, and replication 
origins (/-3). These nucleosomes also exhibit 
rapid, replication-independent turnover, which is 
thought to function in erasing histone marks, pre- 
venting the spread of chromatin states, and en- 
suring general plasticity of the epigenome (4, 5). 
H2A.Z appears to enhance rapid turnover of pro- 


T= H2A.Z histone variant is typically found 
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moter proximal nucleosomes in yeast (4), and 
nucleosomes subject to rapid turnover kinetics 
are also enriched for histone H3 acetylated at 
lysine 56 (H3-K56Ac) (6). H3-K56Ac is also re- 
quired for enhanced turnover of promoter nu- 
cleosomes (6, 7). Recent work indicates that 
vertebrate gene promoters are also enriched in 
nucleosomes harboring both H2A.Z and H3- 
K56Ac, suggesting a conserved regulatory re- 
lationship (2, 8, 9). How they cooperate in this 
process, though, is not clear. 

To test whether nucleosomes that harbor both 
H2A.Z and H3-K56A¢ are inherently unstable, 
recombinant yeast mononucleosomes were im- 
mobilized on streptavidin beads, and nucleosome 
stability was monitored after exposure to in- 
creasing salt concentration (fig. $1). Nucleo- 
somes were reconstituted with either H2A/H2B 


REPORTS 


20. D. S. Portman, G. Dreyfuss, EMBO J. 13, 213 (1994). 

21. F. U, Hartl, M. Hayer-Hartl, Nat. Struct. Mol. Biol. 16, 
574 (2009). 

22. T. Xia et al., Biochemistry 37, 14719 (1998). 

23. J. Ding et al., Genes Dev. 13, 1102 (1999). 


Acknowledgments: We are indebted to D. Grawoig for a 
critical review of the manuscript and to D. Johnson and 

C. Hixson for assistance in preparing MuLV NC protein. 
This work was supported by the U.S. National Institutes of 
Health (GM064803 to K.M.W., GMO72518 to J.D.L., and 
GMO031819 to Jack Griffith and B.D.B) and by the National 
Cancer Institute (under contract HHSN261200800001E with 
SAIC-Frederick, Inc. to R.].G.). Data sets of representative 
clustered kinetic data are provided in the supplementary 
materials. 


Supplementary Materials 
www.sciencemag.org/cgi/content/fulU/science.1230715/DC1 
Materials and Methods 

Supplementary Text 

Figs. S1 to $6 

References (24-32) 


25 September 2012; accepted 14 February 2013 
Published online 7 March 2013; 
10.1126/science.1230715 


or H2A.Z/H2B dimers, and with histone H3 that 
contained either a lysine at position 56 or a glu- 
tamine residue to mimic acetylation (H3-K56Q). 
H3-K56Q had no detectable effect on the sta- 
bility of the H2A/H2B dimer—H3/H4 tetramer 
interaction (fig. S1, top panels) (70, //). By con- 
trast, incorporation of H2A.Z led to a decreased 
salt stability of both H3 and H3-K56Q mono- 
nucleosomes (fig. $1, bottom left panel) (/2). 
However, the combination of H2A.Z and H3- 
K56Q did not further decrease stability (fig. S1, 
bottom right panel), indicating that this H3 mod- 
ification does not itself contribute to marked in- 
stability of nucleosomes. 

The conserved SWR-C chromatin remodel- 
ing enzyme controls H2A.Z deposition in yeast 
(13, 14), and so we next tested whether H3- 
K56Ac might regulate its histone exchange ac- 
tivity. Recombinant yeast H2A mononucleosomes 
that harbored either H3-K56 or H3-K56Q were 
incubated with purified SWR-C, recombinant 
H2A.Z/H2B dimers, and adenosine 5’-triphosphate 
(ATP), and then histone exchange was quanti- 
fied by a Western blot assay, probing for different 
epitope-tagged, H2A histones. The integrity of the 
mononucleosome was analyzed by both Western 
blotting for H3 and by visualizing DNA (Fig. 1). 
SWR-C catalyzed robust deposition of H2A.Z 
when incubated with the wild-type H2A nucleo- 
somes (/4). By contrast, nearly 80% less H2A.Z 
was deposited by SWR-C when incubated with 
the H3-K56Q substrate (Fig. 1A and fig. $2). 

SWR-C-catalyzed dimer exchange involves at 
least two coupled steps—ATP-dependent evic- 
tion of the H2A/H2B dimer from the nucleo- 
some, followed by deposition of H2A.Z/H2B 
(15). We predicted that H3-K56Ac might facil- 
itate both the forward and reverse reactions and 
might display altered substrate specificity more 
like that of the related INO80 enzyme (/6). We 
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incubated SWR-C with H2A.Z nucleosomes, ATP, 
and H2A/H2B dimers and found that SWR-C 
had no effect on the histone composition of the 
wild-type H2A.Z nucleosome, as expected (Fig. 
1B) (/4, 16). By contrast, SWR-C showed robust 
eviction of nucleosomal H2A.Z when the nu- 
cleosome harbored H3-K56Q (Fig. 1B and fig. 
$3). Furthermore, SWR-C catalyzed the ATP- 
dependent incorporation of H2A when incubated 
with the H2A.Z/H3-K56Q mononucleosome 
(Fig. 1B). H2A.Z exchange was efficient, with 
nearly 30% H2A replacement (Fig. 1C). H3-K56Q 
also stimulated a low level of H2A.Z exchange 
in the absence of SWR-C, indicating that this 
modification may poise the H2A.Z nucleosome 
for exchange events (Fig. 1B), perhaps due to 
enhanced breathing of nucleosomal DNA (//). 
Robust H2A.Z exchange reaction was dependent 
on the concentration of SWR-C (fig. $3), ATP, 
and the time of incubation (fig. $4). H3-K56Q 
also enhanced the H2A.Z replacement activity of 
the related INO80 enzyme (Fig. 1B and fig. S5). 
These effects of H3-K56Q were not due to al- 
terations in the nucleosome binding affinity of 
the SWR-C or INO80 enzymes (fig. S6). We fur- 


ther examined whether the alterations in SWR-C 
could also be observed with bona fide H3-K56Ac 
mononucleosomes (fig. S7) that were incubated 
with SWR-C in the presence of H2A/H2B dimers 
(Fig. 1D and fig. S8). SWR-C catalyzed the ATP- 
dependent incorporation of H2A, similar to our 
results with an H2A.Z nucleosome harboring 
H3-K56Q. 

The substrate specificity of the SWR-C dimer- 
exchange reaction is reflected by the adenosine 
triphosphatase (ATPase) properties of SWR-C, as 
an H2A nucleosome, but not an H2A.Z nucleo- 
some, stimulates the ATPase activity of SWR-C 
(15). Because ATP-dependent remodeling en- 
zymes are DNA-stimulated ATPases, these results 
suggest that SWR-C productively interacts only 
with the nucleosomal DNA of an H2A nucleo- 
some, consistent with the dimer exchange spec- 
ificity of SWR-C. To determine if H3-K56Q alters 
the ATPase properties of SWR-C, ATPase assays 
were performed with wild-type and H3-K56Q 
nucleosomes. The ATPase activity of SWR-C was 
stimulated by an H2A nucleosome, but no stim- 
ulation was observed with the H2A.Z nucleo- 
some (Fig. 2A). The addition of free H2A.Z/H2B 


dimers led to a further stimulation (75). By con- 
trast, nucleosomal incorporation of H3-K56Q led 
to equal ATPase stimulation by both the H2A and 
H2A.Z nucleosomes, and addition of free dimers 
had no effect (Fig. 2B). 

The Swe2p subunit of SWR-C binds to H2A.Z, 
and Swe2p is required for deposition of H2A.Z 
in vitro (/7) and in vivo (/3), suggesting that 
Swe2p functions during the H2A.Z deposition 
step of the dimer-exchange reaction, presum- 
ably by binding and delivering H2A.Z (/7). We 
hypothesized that Swe2p might also function 
at the end of the reaction cycle, functioning as a 
molecular “lock” that binds to H2A.Z and pre- 
vents SWR-C from removing the newly incor- 
porated H2A.Z. 

SWR-C was purified from a swc2A strain, 
yielding a SWR-C that lacks the Swe2p and 
Swe3p subunits and was depleted for Arp6 and 
Swe6 (fig. S9). The Swe2A subcomplex was un- 
able to deposit H2A.Z into an H2A nucleosome 
(fig. S10) (17), but it catalyzed the ATP-dependent 
eviction of H2A.Z and promoted H2A incorpo- 
ration (Fig. 2C). Thus, the activity of the Swc2A 
subcomplex shows similarity to that of SWR-C 
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dimers (50 nM), and H2A/H3WT or H2A/H3-K56Q nucleosomes (100 nM) 


with 1 mM ATP. H2A.Z/H3 ratios were normalized to lane 4. (B) SWR-C incor- 
porates H2A into H2A.Z /H3-K56Q nucleosomes and H3-K56Q stimulates dimer-exchange activity of INO80. Dimer-exchange assay performed with 
5 nM SWR-C or 1 nM INO80, FLAG-H2A/H2B dimers (50 nM), and HA-H2A.Z/H3WT or HA-H2A.Z/H3-K56Q nucleosomes (100 nM) with (+) or without (-) 
1 mM ATP. Each H2A/H3 ratio was normalized to lane 10. (C) SWR-C—mediated deposition of H2A quantified by quantitative western blotting (LI-COR). 
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with an H3-K56Q nucleosome. The ATPase activ- 
ity of the Swc2A subcomplex was stimulated by 
an H2A.Z nucleosome, but not an H2A nucleo- 
some, the opposite substrates compared to in- 
tact SWR-C (Fig. 2D). Thus, the Swe2/3 module 
appears to play a key role in substrate specificity, 
promoting activity on an H2A nucleosome and 
preventing the remodeling of an H2A.Z nucleo- 
some. Swe2p binds to the C-terminal domain of 
H2A.Z that is near H3-K56 within the nucleo- 
some; thus, we propose that H3-K56Ac might 
disrupt Swe2p function, allowing SWR-C to act 
on a H2A.Z nucleosome. Consistent with this 
view, the activity of the Swc2A subcomplex was 
not influenced by H3-K56Q (fig. S11). 

Our model predicts that constitutive acetyla- 
tion of H3-K56 in vivo should promote H2A.Z 
exchange, leading to decreased steady-state lev- 
els. To test this model, we carried out genome- 
wide mapping of H2A.Z in yeast with globally 
increased levels of H3K56Ac. For these analy- 
ses, yeast strains were used that either express 
H3K56Q, or lack the Hst3p and Hst4p deacet- 
ylases that target H3-K56Ac (/8, 79). In our 
wild-type control, we recapitulated the previous- 
ly reported localization of H2A.Z (/, 3), with max- 
imal enrichment at genic +1 nucleosomes and 
more modest enrichment at the —1 nucleosome. 
Notably, in both strains carrying globally increased 


Fig. 2. Roles for H3-K56Q and Swc2p in mod- 
ulating the ATPase cofactor requirements of 
SWR-C. (A) Substrate specificity of SWR-C ATPase 
activity on H3WT nucleosomes. SWR-C (1 nM) and 
0.1 mM ATP was incubated with (+) or without (-) 
nucleosomes (15 nM) or free dimers (15 nM). ATPase 
assays measured fluorescent change of 7-diethylamino- 
3-({[(2-maleimidyl)-ethylJamino}carbonyl)coumarin- 
labeled phosphate-binding protein (MDCC-PBP) upon 
phosphate binding. Data represent the results from 
three independent experiments and error bars re- 
flect standard deviations. (B) Substrate specificity 
of ATPase activity of SWR-C on H3-K56Q nucleosomes. 
As in (A), but nucleosomes harbored H3-K56Q. (C) 
The Swc2A subcomplex exchanges H2A.Z with H2A. 
The dimer-exchange assay performed with 5 nM 
SWR-C WT or Swc2A subcomplex, FLAG-H2A/H2B 
dimers (50 nM), and HA-H2A.Z/H3WT nucleosomes 
(100 nM) with or without 1 mM ATP. Each H2A/H3 ratio 
was normalized to lane 4. EtBr, ethidium bromide. 
(D) Substrate specificity of the Swc2A subcomplex. 
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H3-KS6ac, H2A.Z levels were on average di- 
minished at promoters (Fig. 3A). HTZ1 (H2A.Z) 
mRNA levels were unchanged in H3-K56Q and 
hst3A/hst4A strains (fig. S12). Because Fig. 3A 
shows an averaged view over all genes, we also 
sought to understand whether this loss of H2A.Z 
‘was universal or specific to a small subset of genes. 
As shown in Fig. 3, B and C, H2A.Z was general- 
ly lost from +1 nucleosomes—nucleosomes nor- 
mally exhibiting modest or minimal enrichment 
of H2A.Z (H2A_Z levels in wild type from 0 to 3) 
were little affected by global hyperacetylation, 
whereas nucleosomes carrying higher amounts 
of H2A.Z almost universally lost H2A.Z in strains 
harboring constitutive H3-K56Ac (see also fig. $13). 
Consistent with the idea that H3K56Ac leads to 
SWR-C-dependent H2A.Z replacement, H2A.Z 
was lost in hyperacetylation mutants primarily 
at genes associated with SWR-C, whereas genes 
lacking SWR-C in prior mapping studies (20) were 
largely unaffected in these mutants (Fig. 3D and 
fig. S13C). 

H2A.Z incorporation was also monitored in 
wild-type and H3-K56Q strains during the re- 
establishment of transcriptional repression at 
the PHOS gene. In both the wild-type and H3- 
K56Q strains, H3 levels were restored to similar 
extents when PHOS was repressed; however, 
H2A.Z was at least 50% less in the H3-K56Q 


A 
H3 WT Nuc 
1.0 
% 08 
: 
1 
o 
g 
B 
0.0! 
A 
s & & 
YoY oo 
F. VO oe 
Ro ef gt 
Ss fs > 
Vos e es 
HA-H2A.Z/ | FLAG-H2A 
H3 WT Nuc dimers 
SWR-C WT swe2A 
ATP : + - + 
a-FLAG (H2A) - 
c-HA(H2A.2Z) (ga tad Med ee 
a-H3 mw ap BI 
EtBr 
Relative H2A/H3 ratio §=0.01 (0.01 0.04 1.00 


REPORTS l 


strain (fig. $14). Finally, we tested whether the 
gene expression profiles of an H3-K56Q strain 
are similar to that of a strain that lacks H2A.Z. 
We observed a significant overlap in gene ex- 
pression defects and a positive correlation be- 
tween changes in mRNA levels between hiz/A 
and H3K56Q strains (Fig. 4). These data are con- 
sistent with H3K56Ac modulating SWR-C dimer- 
exchange activity in vivo. 

A functional connection between histone 
modifications and ATP-dependent remodeling 
enzymes has long been recognized (2/), Here 
we find that H3-K56Ac (or H3-K56Q) functions 
as a switch that changes the remodeling spec- 
ificity of the SWR-C dimer-exchange reaction, 
leading to removal of H2A.Z from the nucleo- 
somal product. Our data indicate that Swe2p fune- 
tions to prevent activation of the Swrl ATPase 
by an H2A.Z nucleosome, and that it may func- 
tion at the end of the reaction cycle to “lock” 
H2A.Z and prevent its eviction. Swe2p is con- 
served from yeast to human (/7), and YL-1, the 
metazoan counterpart of Swe2p, is found in the 
Drosophila and human counterparts of SWR-C, 
the dTip60 and SRCAP complexes, respective- 
ly (22, 23). Thus, it is likely that both the pro- 
posed “lock” function of Swe2 and the role of 
H3-K56Ac are conserved in higher eukaryotes, 
Our work suggests a model whereby an H3-K56Ac 
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Fig. 3. Constitutive H3-K56Ac decreases steady-state levels of promoter- 
proximal H2A.Z in vivo. (A) H2A.Z enrichments at promoter regions in 
wild-type (WT) and H3-K56Q strains. Chromatin immunoprecipitation se- 
quencing (ChIP-Seq) using antibody against H2A.Z in WT, Ast3A hst4A, and 
H3K560Q strains. After alignment to the genome, normalized read counts were 
averaged for all genes aligned on the basis of their transcriptional start sites 
(TSS). (B and C) Scatterplot of H2A.Z levels at genic +1 nucleosomes for WT 
(x axis) versus either hst3A hst4A (B) or H3K56Q (C) mutants. Blue lines 
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show x = line. The vast majority of genes exhibit a decrease in H2A.Z levels 
in either of the H3K56 hyperacetylated mutants. (D) H2A.Z loss preferen- 
tially occurs at genes associated with the SWR-C complex. Swr1 levels [from 
(20)] were calculated for all genes, and genes are grouped into four quartiles 
according to Swr1 abundance. Change in H2A.Z levels at the +1 nucleosome 
in WT and Ast3A hst4A strains is shown at promoters, showing that genes with 
the lowest Swr1 levels exhibited lower changes in H2A.Z levels than remaining 
genes with moderate to high Swr1 levels. 
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Fig. 4. Positive correlation of gene expression profiles between H3-K56Q and fAtz1A 


strains. (A) Scatterplot analysis of change in RNA level measured as the log, of mutant/WT 


AmRNA in H3K56Q (log(H3K56Q/WT)) 


expression ratio. Gene microarray analysis was conducted in the H3-K56Q and Atz1A strains 
cultured in YPD media at 30°C. R = 0.393. (B) Venn diagrams showing the number of genes 


for which RNA levels changed by 1.25-fold in mutants relative to the WT strain. P values were 
8 x 10°°* (45% overlap in activated genes) and 9 x 10-° (45% overlap in repressed genes). 


12 APRIL 2013 VOL 340 SCIENCE wwwssciencemag.org 


nucleosome may be subject to multiple rounds 
of SWR-C-catalyzed dimer exchange and such 
promiscuous dimer exchange may promote sub- 
sequent histone H3/H4 turnover (fig. S15). This 
model provides a mechanistic explanation for 
how H3-K56Ac and H2A.Z might coordinately 
control nucleosome turmover at regulatory regions 
(3) by regulating the activity and substrate spe- 
cificity of chromatin remodeling enzymes. 
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Latency-Associated Degradation of the 
MRP1 Drug Transporter During Latent 
Human Cytomegalovirus Infection 
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Duncan L. Smith,? Christina Montag,* Steven P. Gygi,® John H. Sinclair,” Paul J. Lehner*t 


The reactivation of latent human cytomegalovirus (HCMV) infection after transplantation is 
associated with high morbidity and mortality. In vivo, myeloid cells and their progenitors 

are an important site of HCMV latency, whose establishment and/or maintenance require 
expression of the viral transcript UL138. Using stable isotope labeling by amino acids in cell 
culture—based mass spectrometry, we found a dramatic UL138-mediated loss of cell surface 
multidrug resistance—associated protein-1 (MRP1) and the reduction of substrate export by this 
transporter. Latency-associated loss of MRP1 and accumulation of the cytotoxic drug vincristine, 
an MRP1 substrate, depleted virus from naturally latent CD14* and CD34* progenitors, all of 
which are in vivo sites of latency. The UL138-mediated loss of MRP1 provides a marker for 
detecting latent HCMV infection and a therapeutic target for eliminating latently infected cells 


before transplantation. 


uman cytomegalovirus (HCMV) is a ubiq- 

uitous beta-herpesvirus that infects 60 to 

90% of individuals (7). After primary in- 
fection, HCMV establishes a latent infection under 
the control of a healthy immune system. Reacti- 
vation from viral latency to productive infection 
causes serious disease in immunocompromised 
individuals, such as transplant recipients and AIDS 
patients (/, 2). 
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Cells of the myeloid lineage, such as CD34" 
bone marrow progenitors and CD14” mono- 
cytes, are sites of latent HCMV infection (3—5). 
The viral genome persists in these cells with 
little gene expression and no detectable virus 
production (6, 7). Reactivation from latency o- 
ccurs upon myeloid differentiation, resulting in 
chromatin-mediated activation of the lytic gene 
expression cascade, viral DNA replication, and 
the production of infectious virions (8). Latent 
viral infection is thus required for viral per- 
sistence. Establishing how latency is maintained 
and how latently infected cells avoid immune 
recognition is crucial to understanding how 
HCMV persists in vivo. Furthermore, the elimi- 
nation of latently infected cells is a key target in 
preventing recurrent HCMV infection in im- 
munocompromised individuals. 

A limited number of viral transcripts have 
been identified during natural latency in myeloid 
cells (6, 7) and include UL138 (9, 70), which en- 
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codes a 21-kD transmembrane Golgi-associated 
protein (/(). UL138 is expressed with early-late 
kinetics during productive HCMV infection (/0) 
but is also required for efficient latent carriage 
in vitro (9, /0). The expression of UL138 during 
lytic infection results in increased tumor necrosis 
factor receptor | (TNFR1) cell surface expression 
(11, 12), but little is known about UL138 during 
latency. 

To address how UL138 affects host cell sur- 
face receptor expression during latent HCMV 
infection, we used plasma membrane profiling 
(PMP) (/3), a proteomic technique that employs 
stable isotope labeling by amino acids in cell 
culture—based differential analysis to compare 
the expression of plasma membrane (PM) pro- 
teins in the presence and absence of UL138 in 
undifferentiated myeloid cells. Of the 592 PM 
proteins isolated from the monocytic cell line 
(THP-1), only 3 were reproducibly affected more 
than twofold (Fig. 1A and tables S1 and S2). Most 
notable was multidrug resistance—associated 
protein-1 (MRP1) (down-regulated 6.7- to 10.3- 
fold in three independent experiments), whereas 
Notch-ligand Delta-like protein 1 (DLL1) was 
down-regulated 2.1- to 2.6-fold. As expected, cell 
surface expression of TNFR1 increased (2.4- to 
2.8-fold) (//, 12). 

These cell surface changes were confirmed 
by cell surface flow cytometry (DLL-1, TNFR1, 
and CD36) or intracellular flow cytometry (MRP1), 
whereas expression of the control protein (CCR7) 
was unaffected (Fig. 1B). UL138 down-regulated 
MRP1 in all four cell lines tested, including fibro- 
blasts (Fig. 1C), HL60-ADR cells, a promyelocytic 
leukemia cell line that overexpresses MRP 1 (/4), 
and HeLa cells (fig. S1). 

We focused on MRP1, the most dramatical- 
ly down-regulated protein. In the presence of 
UL138, not only did MRP1 cell surface expres- 
sion decrease but the protein was undetectable 
(Fig. 1, C and D). UL138 expression is not re- 
stricted to latent HCMV infection, is detected 
6 hours after lytic infection, and accumulates 
over 48 hours (/0). We analyzed the temporal 
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relationship between UL138 expression and 
MRP! degradation during lytic infection in hu- 
man fibroblasts (HFFs) with the TB40 isolate of 
HCMV. The observed loss of MRP1 at 48 hours 
coincided with high levels of UL138 expression 
(Fig. 2A). UL138 is encoded at the 3’ end of a 
polycistronic transcript that also encodes UL133, 
UL135, and UL136 (0, 15). Consequently, we 
used Toledo UL133-UL138 and UL138 open 
reading frame deletion mutants of HCMV (/2) 
to determine whether this region is necessary 
for MRP1 down-regulation. As expected, these 
viruses replicated similarly to wild-type viruses 
(12) (Fig. 2B). Forty-eight hours after HFF in- 
fection with the deletion viruses, no UL138 ex- 
pression was detected by reverse transcription 
polymerase chain reaction (RT-PCR), and MRP1 
expression was restored (Fig. 2B). Thus, UL138 
is necessary for MRP1 down-regulation and deg- 
radation, although other HCMV genes might also 
target MRP1. Human monocyte-derived macro- 
phages infected with wild-type TB40 but not 
TB40AUL138 (an additional UL138 deletion 
mutant) (//) also showed decreased cell surface 
expression of MRP (Fig. 2C). 

To determine the functional consequence 
of UL138-mediated MRP1 down-regulation, 


Fig. 1. HCMV UL138 down-regulates cell surface 
MRP1 and other targets. (A) Scatter plot of proteins 
identified in PMP and quantified by more than 2 
unique peptides. The summed ion intensity (y axis) 
is shown as logio. Significance A was used to esti- 
mate P values (28). (B) Cytofluorometric analysis of 
the indicated proteins in THP-1 cells stably express- 
ing HCMV-encoded UL138 (THP-UL138) and control 
THP-1 cells. (C and D) Immunoblot for MRP1/UL138 
in control or UL138-transduced fibroblasts (C) or in 
control or UL138-transduced THP-1 cells (D). 


Fig. 2. UL138 down-regulates MRP1 during pro- 
ductive HCMV infection. (A) Mock- or TB40 IE2- 
eYFP—infected HFFs [multiplicity of infection (moi) 
5] were analyzed by immunoblot 24 and 48 hours 
after infection. (B) Mock, Toledo wild type (wt), Toledo 
AUL133-138, or Toledo AUL138 virus-infected HFFs 
were analyzed by immunoblot 48 hours after infec- 
tion (top three panels). UL138 and IE mRNA was 
analyzed by RT-PCR with GAPDH as an internal mRNA 
control (bottom three panels). (C) Differentiated 
primary monocytes were infected with wtTB40 or 
TB40AUL138. Seventy-two hours after infection, 
cells were stained for MRP1, IE, and DAPI before 
being examined by confocal microscopy. 


we examined export of the fluorescent reporter 
5-carboxyseminaptharhodafluor (SNARF-1), 
an MRP1-specific substrate (/6), and leukotri- 
ene C4 (LTC4), an endogenous MRP1 substrate 
(17). The loss of SNARF-1 from cells loaded 
with the SNARF-1 ester is a robust measure of 
MRP1 activity (fig. S2A). Preincubation with the 
MRP 1-specific inhibitor MK571 allowed the ac- 
cumulation of SNARF-1 and slowed export (Fig. 
$2B). In THP-UL138 cells, SNARF-1 was ex- 
ported more slowly than THP-I controls (Fig. 3A 
and fig. S2C); by 8 hours, 97% of control cells, 
compared with 35% of THP-UL138 cells, had 
unloaded dye. SNARF-1 was also exported sig- 
nificantly more slowly from HCMV- than mock- 
infected fibroblasts (Fig. 3B), and the export 
of LTC4 was inhibited in THP-UL138 cells 
(Fig. 3C). 

Because hemagglutinin (HA) peptide-tagged 
UL138 did not alter MRP1| mRNA levels, de- 
spite the loss of MRP protein (Fig. 3D), MRPI 
down-regulation by UL138 was likely to be post- 
transcriptional. In the presence of UL138, [Ps] 
methionine radiolabeled 170-kD MRPI matured 
normally through the secretory pathway before 
rapidly degrading (Fig. 3E), with a reduction 
in half-life from 16 to 20 hours (78) to less than 
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3 hours, suggesting that MRP1 targets UL138 
for degradation in the late secretory pathway. 
Consistent with this, the loss of MRP1 was in- 
hibited by the vacuolar adenosine triphospha- 
tase inhibitor concanamycin A (CcmA) but was 
insensitive to proteasome inhibition (Fig. 3, E 
and F). Furthermore, UL138-HA interacted with 
MRP1 in cells preincubated with CemA, due to 
the increased MRP1 expression (Fig. 3G). Thus, 
UL138 associates with MRPI1 and induces its 
lysosomal degradation. 

CD34" bone marrow progenitors and CD14" 
monocytes are key sites of latent HCMV in- 
fection in vivo (3—5, 19). Experimental models 
of latent infection in both cell types are rou- 
tinely used to analyze HCMV latency in vitro 
(4, 19-23). To address how UL138 expression 
affects latent HCMV infection, we latently in- 
fected primary CD34" progenitor cells with a 
green fluorescent protein (GFP)-labeled recom- 
binant HCMV (TB40 gfp) and found that latently 
infected cells (GFP-positive) also showed spe- 
cific loss of cell surface MRP 1 (Fig. 4A). 

MRPI exports a number of cytotoxic agents, 
including vincristine, a Vinca alkaloid mitotic in- 
hibitor which is relatively MRP 1-specific (24), 
We initially tested the ability of vincristine to 
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Fig. 3. UL138 targets mature MRP1 for lysosomal degradation and 
inhibits export of MRP1-specific substrates. (A) THP-1 or THP-UL138 
cells were loaded with SNARF-1 ester, and intracellular SNARF-1 was mea- 
sured by cytofluorometry. The proportion of cells retaining SNARF-1 was 
plotted. (B) Fifteen hours after infection, HCMV-infected HFFs (moi 5) were 
analyzed for intracellular SNARF-1 (left panel) and immunoblot (right 
panel). Three independent replicates were used per time point. Plotted are 
mean + SEM, relative to the post-load HCMV-infected sample. Two-tailed 
P values (*P < 0.05). (C) LTC4 export assayed in A23187-stimulated cells 
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Fig. 4. Selective vincristine-mediated depletion of HCMV-infected cells 
from experimental and natural latent infection. (A) CD34* progenitors were 
latently infected with TB40 gfp. Seventy-two hours after infection, cells were 
examined (28) by confocal microscopy (left panels). The GFP signal in latently 
infected cells was boosted with an FITC-conjugated antibody to GFP (28). RT-PCR 
confirmed latent infection (right panel). (B and C) Treatment of experimentally 
latently infected monocytes with vincristine reduced latent viral load as de- 
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(fig. $3) (28), with three independent replicates per condition. Plotted: mean + SEM 
and two-tailed P values (*P < 1 x 10~°, **P < 0.0005). (D) Quantitative RT-PCR 
(RT-qPCR) analysis of MRP1 and GAPDH (28). (E) MRP1 immunoprecipitations 
(with QCRL3 antibody) from cells radiolabeled and chased as indicated, with 
CcmA included at the 5-hour time point (5*). Total MRP1 is quantified as 
percentage of MRP1 at time 0. (F) Cells incubated with MG132, CcmA, or DMSO 
(28) and immunoblotted as indicated. (G) HA immunoprecipitation from 
ADR-UL138HA cells preincubated with CcmA for 24 hours to increase MRP1 
expression. Anti-FLAG beads were used as a control. 
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termined by detection of latently expressed UL138 mRNA by RT-qPCR, and the relative number of latently infected cells. Primary CD14* monocytes were 
latently infected with TB40 gfp. After 3 days, vincristine was added at the indicated concentration (28). Four days later, the GFP* cells were counted in 
five independent replicates. Three further independent replicates were analyzed by RT-qPCR for UL138, IE, and GAPDH (C). IE RT-qPCR was always below 


the limit of detection. Plotted are mean + SEM and two-tailed P values (*P < 0. 


005, **P < 0.001, ***P < 0.05). (D) Primary CD14* monocytes from HCMV- 


seropositive donor D were treated for 4 days with vincristine (28). Endogenous HCMV was reactivated by differentiation and maturation to mature DCs 
(22), cocultured with fibroblasts for 2 weeks (four replicates per condition), which were examined for viral IE protein, and foci were counted. Plotted are 
mean + SEM % of IE + foci as compared to 0 ng of vincristine per milliliter (0 ng/ml) and two-tailed P values (*P < 0.005, **P < 0.001, ***P < 0.0005). (E) 
Primary CD34* progenitors were treated for 4 days with vincristine (28). Endogenous HCMV was reactivated by differentiation and maturation to mature 
DCs (22), then cocultured with fibroblasts for 2 weeks. Cell supernatants were transferred onto fresh fibroblasts (eight replicates per condition), and 100 
cells per replicate were examined after 4 days for viral IE protein with DNA counterstaining. Plotted are mean + SEM and two-tailed P values (each 


treatment versus 0 ng/ml vincristine): *P < 5 x 10-8, *P<5x 10°. 
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reduce the latent load of HCMV by killing ex- 
perimentally latent CD14” monocytes in vitro. 
Monocytes latently infected with TB40 gfp and 
then treated with vincristine for 4 days showed 
a reduced number of latently infected (GFP- 
positive) cells (Fig. 4B and fig. S4) as well as a 
concomitant reduction in detectable latently ex- 
pressed UL138 RNA (Fig. 4C), which is con- 
sistent with vincristine-mediated killing of latently 
infected cells and a reduction in latency-associated 
viral load. 

Experimentally latent CD14” monocytes or 
CD34" progenitors can be induced to reactivate 
latent virus by differentiation to dendritic cells 
(DCs) and subsequent maturation (8). If vincris- 
tine was reducing latent viral load by killing la- 
tently infected cells, this should also be reflected 
in a reduction in reactivating virus. Indeed, treat- 
ment of experimentally latently infected cells with 
vincristine reduced reactivation of latent HCMV 
from CD14" monocytes after their differentiation 
to DCs (fig. S5). CD14" monocytes and CD34" 
progenitors isolated from latently infected donors 
routinely reactivate infectious HCMV after differ- 
entiation and maturation to mature DCs, detected 
by coculture with indicator fibroblasts (Fig. 4, 
D and E, and fig. S6) (5). Vincristine treatment 
of CD14" monocytes, from 7 out of 7 healthy 
HCMV-seropositive donors, as well as CD34° 
cells, showed reduced reactivation of infectious 
virus after differentiation and maturation (Fig. 
4D-E). Thus, MRP is a potential therapeutic 
target for eliminating latent HCMV-infected cells 
from bone marrow before transplantation. 

The study of HCMV latency has been ham- 
pered by the inability to identify low-frequency 
latently infected cells ex vivo. The down-regulation 
of MRP1 by UL138 provides a novel marker of 
latent infection, but why is MRP1 targeted? DCs 
from MRP 1I-deficient mice fail to respond to 
chemotactic stimuli or migrate into afferent lym- 
phatics (25), because the endogenous MRP1 sub- 
strate LTC4 (/7) sensitizes the CCR7 chemokine 
receptor to CCL19 (25). UL138-mediated down- 
regulation of MRP1 reduced cellular LTC4 ex- 
port, suggesting that UL138 could inhibit the 
migration of infected DCs to draining lymph nodes 
and impair the generation of an HCMV-specific 
immune response. Decreased MRP1 expression 
could also help maintain latent infection by in- 
hibiting premature terminal differentiation of DC 
progenitors until conditions for reactivation are 
established, as reported for other HCMV latency 
proteins (UL111.5A) (26), and the terminal dif- 
ferentiation of DC progenitors is dependent on 
functional MRP1 (27). 

UL138-mediated down-regulation of MRP1 
was functionally significant, leading to a dra- 
matic reduction in the export of MRP |-specific 
substrates and predicted that MRP1-transported 
cytotoxic drugs would accumulate and kill UL138- 
expressing cells. Indeed, vincristine treatment of 
experimentally latent myeloid cells and naturally 
latent CD14" cells and their CD34” progenitors 
decreased the latent CMV viral load. Vincristine 


treatment dramatically reduced levels of reacti- 
vated virus after myeloid cell differentiation and 
maturation to mature DCs, a well-established sig- 
nal for virus reactivation (5). 

Our results open up the possibility of de- 
veloping strategies using MRP 1-specific reagents 
to clear bone marrow or hematopoietic stem cells 
of latently infected cells before transplantation, 
either based on the selection of HCMV-negative 
cell subpopulations or the targeted killing of la- 
tently infected cells, using cytotoxic agents nor- 
mally exported by MRP1. 
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Blockade of Chronic Type | Interferon 
Signaling to Control Persistent 


LCMV Infection 


Elizabeth B. Wilson,’ Douglas H. Yamada,’ Heidi Elsaesser,* Jonathan Herskovitz,’ Jane Deng,” 
Genhong Cheng,’ Bruce J. Aronow,? Christopher L. Karp,“* David G. Brooks" 


Type | interferons (IFN-I) are critical for antiviral immunity; however, chronic IFN-I signaling is 
associated with hyperimmune activation and disease progression in persistent infections. We 
demonstrated in mice that blockade of IFN-I signaling diminished chronic immune activation and 
immune suppression, restored lymphoid tissue architecture, and increased immune parameters 
associated with control of virus replication, ultimately facilitating clearance of the persistent 
infection. The accelerated control of persistent infection induced by blocking IFN-I signaling 
required CD4 T cells and was associated with enhanced IFN-y production. Thus, we demonstrated 
that interfering with chronic IFN-I signaling during persistent infection redirects the immune 


environment to enable control of infection. 


espite initially robust antiviral immune 
activity, some viruses, including HIV and 


hepatitis C virus (HCV) in humans and 


lymphocytic choriomeningitis virus (LCMV) 
in mice, outpace the immune response and es- 
tablish persistent infections (/, 2). Besides virus- 
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mediated evasion tactics, the host initiates an 
immunosuppressive program that actively sup- 
presses antiviral T cell responses and facilitates 
persistent infection (3—8). The expression of 
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suppressive factors is tightly linked to viral bur- 
den (3, 4, 8), suggesting the presence of an im- 
munologic sensory system that continually 
measures the magnitude and duration of viral 
replication and then dynamically modulates the 
balance between antiviral immunity and immune 
exhaustion. 

In order to identify the mechanisms orches- 
trating the immunosuppressive program during 
virus infection, we performed RNA microarray— 
based splenic network analysis. We compared 
mice infected with one of two LCMV strains: 
the Armstrong (Arm) strain, which induces a 
robust T cell response that resolves infection 
within 8 to 10 days, or the clone 13 (CI13) strain, 
which generates a persistent infection because 
of the sustained expression of an immunosup- 
pressive program, including production of inter- 
leukin (IL)-10 and expression of the inhibitory 
molecule PD-L1 (programmed cell death | lig- 
and 1) (4, 5, 9-13). PD-L1 and IL-10 are sim- 
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ilarly expressed at the onset of both acute and 
persistent infection; however, expression of these 
molecules wanes with resolution of acute in- 
fection, whereas they are maintained or ele- 
vated in persistent infection (3, 4, 8). Similarly, 
antigen-presenting cell (APC) populations ex- 
pressing multiple suppressive factors with the 
ability to inhibit T cell responses are present early 
in acute infection but are elevated in the context 
of persistent infection (8). We focused our mi- 
croarray analysis to identify factors exhibiting 
a similar kinetic that might be used to sense 
virus replication dynamics and control immu- 
nosuppressive programs. Tissue-wide cytokine 
expression patterns were similar in acute and 
persistent infections (fig. S1A). However, anal- 
ogous to virus clearance kinetics, type I inter- 
feron (IFN-I) receptor (IFNR)-stimulated genes, 
signal transducer and activator of transcription 
(STAT) genes, and IFN-I regulatory factors were 
initially similarly expressed in LCMV-Arm and 
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Fig. 1. Prolonged IFN-I signaling during persistent infection. é - 
(A) Splenic virus titers + SD after acute LCMV-Arm (black) and per- Bs er 
sistent LCMV-Cl13 (red) infection (left). Gene expression kinetics by Q 4 0: 
microarray analysis of the indicated IFNR-inducible, STAT, and IFN-| Macs 3% 3 06 
regulatory factors (IRFs) in whole spleen tissue after LCMV-Arm (black) © 2 0.4: 
or LCMV-Cl13 (red) relative to naive (uninfected) mice. Each value indicates 1 0.2 
the average of three to four mice per group per time point. Values are shown eer 0. 


without error bars for clarity, and the P values for each gene are indicated in 
table $1. PFU, plaque-forming units. (B) /FNa (left) and /FIB (right) mRNA 
expression relative to a control gene, HPRT, in splenic DCs from naive or 
LCMV-Arm— or LCMV-Cl13—infected mice (day 9). N.D. indicates that /FNc or 
JFNB transcripts were not detected after 40 cycles of amplification. HPRT 
mRNA expression was measurable in all samples. 
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mRNA expression relative to HPRT in the indicated IL-10+ (GFP+, green) or 
IL-10— (GFP-—, black) splenic DCs (top) or macrophages (bottom) 9 days 
after LCMV-Cl13 infection of Vert-X IL-10 reporter mice. For (B) and (C), 
each group is a pool of cells from six to eight mice and is representative of 
two independent experiments. 
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LCMV-CI13 infections but then rapidly dissi- 
pated as acute LCMV-Anm infection resolved, 
whereas they remained elevated in LCMV-Cl13 
infection (Fig. 1A and table S1). In total spleen, 
the expression of IFN-a and IFN-B was not ele- 
vated above uninfected mice (fig. S1B); however, 
at day 9 postinfection IFN-a and IFN-B tran- 
scripts were still present in dendritic cells (DCs) 
from LCMV-Cl13—infected mice (Fig. 1B). Anal- 
ysis of IL-10-green fluorescent protein (GFP) 
(Vert-X) reporter mice (8, /4) revealed that OAS 
and Mx/ (genes directly stimulated by IFNR 
signaling) expression levels were specifically en- 
riched in the immunoregulatory APCs that co- 
express the highest levels of PD-L1 and IL-10 
and can suppress antiviral T cell responses (8) 
(Fig. 1C), suggesting a link between prolonged 
IFN-I signaling and immunosuppression. Ex- 
pression of /RF3, a gene involved in the IFN-I 


Fig. 2. The immunosuppres- 
sive program during persist- 
ent infection is dependent 
on IFN-I signaling. (A) Rep- 
resentative histograms and 
summarized quantification of 
geometric mean fluorescence 
intensity (GMFI) show PD-L1 
on splenic DCs and macro- 
phages 9 days after LCMV-Cl13 
infection in wild-type (WT, 
black) and /fnar1~~ (red) mice. 
Scatter plots show plasma IL-10 
levels on day 9 after LCMV-Cl13 
infection. Bar graphs measure 
IL-10 production by cultured 
splenocytes (in the absence 
of exogenous stimulation) iso- 
lated 9 days after LCMV-Cl13 
infection from WT or /fnar1~— 
mice. Plasma viral titers in WT 
or /fnar1~~ mice on day 9 after 
LCMV-Cl13 infection are shown 
to the far right. Dashed lines 
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of the plaque assay (200 PFU). 
(B to D) WT mice were treated 
with isotype or IFNR1 blocking 
antibody beginning 1 day be- 
fore LCMV-Cl13 infection. (B) 
Graphs indicate GMFI of PD-L1 
on splenic CD45+ cells (left), 
plasma levels of IL-10 (middle), 
and plasma viral titers (right) of 
untreated mice (B6), isotype- 
treated mice, IFNR1 blocking 
antibody (aIFNR1)—treated mice, 
and untreated /fnar1~~ mice. 
Plasma IL-10 levels on day 15 


after LCMV-Cl13 infection are shown on the far right. (C) Flow cytometry 
plots of IL-10 reporter expression (GFP) in splenic DCs from Vert-X mice 
treated with isotype or IFNR1 blocking antibody. Bar graphs show the 
frequency of IL-10 expression and the GMFI of PD-L1 expression by 
splenic DCs. The ratio of IL-10—nonproducing to IL-10—producing DCs is 
shown on the far right. (D) Hematoxylin and eosin staining of spleens 


percent max. 
‘ 


GMFI PDL1 (x102) 


response but whose expression is not directly 
regulated by IFNR signaling (/5), was not dif- 
ferentially increased in immunoregulatory APCs 
(Fig. 1C). 

We next determined the impact of IFN-I sig- 
naling on the immunosuppressive program in vivo. 
Although levels of virus replication usually cor- 
relate with expression of suppressive factors (/), 
Ifnarl “mice exhibited decreased expression 
of PD-LI and IL-10 compared with wild-type 
mice at day 9 after LCMV-CI13 infection (Fig. 2A 
and fig. S2A) despite elevated levels of viral 
replication and viral antigen (fig. S2, A and B). 
Furthermore, treatment of splenocytes with IFNB 
stimulated increased PD-L1 and IL-10 expres- 
sion (fig. S2C). Taken together, these data suggest 
that IFN-I signaling drives the immunosuppres- 
sive program in vivo, /fnar/ “ mice failed to clear 
LCMV-Am by day 9 after infection (fig. S2D), 
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consistent with the antiviral and immune stimula- 
tory effect of IFN-I during viral infection (/6). 
To resolve the role of IFN-I in induction of 
the immunosuppressive program separate from 
potential abnormalities of life-long genetic de- 
ficiency in IfnarI~” mice (17), we treated wild- 
type mice with an IFNR1-blocking antibody 
beginning | day before LCMV-C113 infection. 
IFNR1 blockade diminished Mx/, OAS, and IRF7 
expression in multiple tissues and cell types (fig. 
$3A), indicating the ability to inhibit IFN-I sig- 
naling in vivo. Analogous to persistently infected 
Ifnarl’ mice, IFNR1 antibody blockade led to 
decreased PD-L1 and IL-10 expression and ele- 
vated virus titers compared with isotype antibody— 
treated LCMV-Cl13-infected mice on day 9 after 
infection (Fig. 2B). IL-10 levels rebounded when 
IFNRI blocking antibody treatment was with- 
drawn (day 15; Fig. 2B), indicating sensitive 
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from naive mice (left) or on day 9 after LCMV-Cl13 infection of mice 
treated with isotype (middle) or IFNR1 blocking antibody (right). Symbols 
represent individual mice with bars indicating the mean of the group. In 
bar graphs, the data represent the average + SD of three to six mice per 
group. All data are representative of two or more independent 
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surveillance and rapid modulation of the immu- 
nosuppressive state through IFN-I signaling. 
Heightened IFN-I signaling can inhibit inflam- 
masome activity in some situations (/8). How- 
ever, despite higher levels of virus replication and 
LCMV antigen in splenic APCs from persist- 
ently infected mice treated with IFNR1 block- 
ing antibody (Fig. 2B and fig. S2B), reduced 
amounts of IL-1, IL-18, and inflammasome ac- 
tivation were observed (fig. S3B), indicating 
that blockade of IFN-I signaling decreases chro- 
nic inflammation during persistent infection. 
The reduced levels of inhibitory factors and 
chronic activation after IFNR1 blockade were 
not indicative of global down-regulation of pro- 
inflammatory cytokines, and in fact expression 
of IFN-y, a factor critical for control and ther- 
apeutic resolution of persistent LCMV infection 
(16, 19, 20), was elevated after IFNR1 blockade 
(fig. S3B). Thus, IFNR blockade during per- 
sistent infection diminishes immunosuppressive 


signals and chronic inflammation during per- 
sistent infection. 

IFNRI antibody blockade before infection 
also decreased the level of IL-10— and PD-L1— 
expressing immunoregulatory DCs (Fig. 2C), 
leading to an enhanced ratio of stimulatory to im- 
munoregulatory DCs. Moreover, IFNR1 antibody 
blockade prevented the splenic disorganization 
associated with impaired immune cell interactions 
and the inability to control persistent infection 
(21-23) (Fig. 2D and fig. S3C). Thus, immune 
cells are likely better positioned to interact with 
one another, and, because of the decrease in im- 
munoregulatory DC frequency, those interactions 
are more likely to be stimulatory. 

We next determined how blockade of IFN-I 
signaling before infection contributed to control 
of persistent infection. Although virus titers were 
initially increased in mice treated with IFNR1 
blocking antibody, by 30 days postinfection vire- 
mia was reduced compared with isotype treat- 
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ment, and many of the mice had already controlled 
infection (Fig. 3A). Furthermore, virus titers were 
decreased in multiple compartments, including 
the kidney (a life-long reservoir of LCMV-C113) 
(Fig. 3B). Mirroring findings in /fnarI’ mice 
(16), IFNR1 blockade in wild-type mice led to 
persistent infection with LCMV-Arm (fig. S2D), 
demonstrating the antiviral activity of IFN-I and 
its requirement to control acute viral infection. 
We next sought to understand the immune 
mechanisms through which IFNR1 blockade en- 
ables control of persistent viral infection. IFNR1 
blockade before infection induced a numerical 
increase in many immune subsets 9 days after 
infection including the total number of func- 
tional virus-specific CD4 T cells (Fig. 3C and fig. 
S4A). However, despite an overall increase in 
B cells and CD4 T cells, LCMV-specific anti- 
body titers were not elevated in IFNR1 blocking 
antibody—treated mice at day 9 or 30 after in- 
fection (fig. S4B). Unlike virus-specific CD4 T 
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Fig. 3. IFNR1 blockade enhances control of persistent infection. WT 
mice were treated with isotype or IFNR1 blocking antibody beginning 1 day 
before LCMV-Cl13 infection. (A) Plasma virus titers at the indicated time 
points after infection. (B) Viral titers in plasma, liver, and kidney 30 days 
after infection. (C) Graphs indicate total numbers of IFN-y—expressing and of 
multicytokine-producing (polyfunctional) LCMV-GP,1-g0-specific CD4 T cells 
and LCMV-GP33.4;—specific CD8 T cells. (D) Plasma viral titers at day 30 after 
LCMV-Cl13 infection in mice that were either undepleted of cells and treated 
with isotype (iso/iso) or IFNR1 (alFNRViso) blocking antibody or depleted of 
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CD4 T cells (aCD4) or NK cells (aNK) before infection and IFNR1 blocking 
antibody treatment. (E) Plasma virus titers at the indicated time point after 
LCMV-Cl13 infection in mice that were either treated with isotype or IFNR1 
blocking antibody with or without anti-IFN-y (alFN-y). x axis labels indicate 
(top) IFNRI or isotype and (bottom) cell or IFN-y depleting antibody treat- 
ments. Each symbol in the scatter plots represents an individual mouse with 
bars indicating the mean of the group. Dashed lines indicate the level of 
detection of the plaque assay (200 PFU). Data are representative of two or 
more independent experiments. *P < 0.05. 
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cells, virus-specific CD8 T cell numbers and cyto- 
kine production were similar or slightly reduced 
when IFN-I signaling was blocked (Fig. 3C and 
fig. S4C). On the basis of the increase in nat- 
ural killer (NK) cells, virus-specific CD4 T cells, 
and systemic IFN-y levels (Fig. 3C and figs. S3B 
and S4A), we sought to examine the role of each 
of these factors in accelerating virus clearance 
after IFNR1 blockade. CD4 depletion before in- 
fection abrogated the accelerated virus control 
engendered by IFNR1 blockade, whereas NK 
cell depletion did not affect IFNR1 blockade— 
mediated clearance (Fig. 3D). To assess the role 
of increased IFN-y in IFNR1 blockade—induced 
virus clearance, we treated mice with IFNR1 
blocking antibody with or without IFN-y block- 
ing antibodies at the time of LCMV-C113 in- 
fection. The accelerated clearance of persistent 
infection after IFNR1 blockade was abrogated 
in mice cotreated with IFN-y blocking antibody 
(anti-IFN-y) (Fig. 3E). Although occurring later 
than in IFN-y knockout mice (24), mice treated 
with anti-IFN-y alone died ~35 days after in- 
fection, whereas mice receiving IFNR1 block- 


individual mouse, and bar graphs indicate the average value + SD. All data are representative of 
two to five independent experiments. *P < 0.05. 


ing antibody plus anti-IFN-y survived and cleared 
infection similar to untreated mice. Together, these 
results indicate that IFNR1 antibody stimulates 
accelerated clearance of persistent virus infec- 
tion through CD4 T cell and IFN-y—dependent 
mechanisms. 

We next determined whether therapeutic 
blockade of IFN-I signaling affected an estab- 
lished LCMV-C113 infection. Blockade of IFNRI 
beginning 25 days after infection accelerated 
control of persistent infection in multiple com- 
partments compared with isotype treatment (Fig. 4, 
A and B). The enhanced control of infection oc- 
curred despite the initial increase in virus titers 
immediately after IFNR1 blocking antibody 
therapy (Fig. 4A). Blockade of IFNR1 beginning 
25 days after infection reduced the IFN-I gene 
expression signature and decreased IL-10 and 
PD-L1 levels (Fig. 4, C and D), demonstrat- 
ing that IFN-I continues to be a key compo- 
nent of an immunologic surveillance system and 
stimulator of the immunosuppressive program 
throughout persistent infection. Thus, thera- 
peutically ablating chronic IFN-I immune acti- 


vation in vivo enhances control of persistent 
LCMV infection. 

Our results demonstrate that chronic IFN-I 
signaling during persistent infection drives the 
immunosuppressive program and that interfering 
with IFN-I signaling restores multiple parameters 
of productive immunity, allowing for viral clear- 
ance. IFN-I treatment in combination with the 
antiviral drug ribavirin is often effective at eradi- 
cating HCV infection. However, some patients 
fail to have a sustained virologic response. A 
characteristic of patients that fail IFN-I/ribavirin 
therapy is a heightened IFN-I signature before 
treatment that fails to substantially increase with 
therapy (25, 26). Thus, the initially high IFN-I 
signature may lead to enhanced immune dys- 
function, and consequently adding more IFN-I is 
ineffective. These results highlight the duality of 
IFN-I during viral infection: Acute IFN-I signals 
possess antiviral and immune stimulatory poten- 
tial required for clearance of infection, but when 
virus cannot be controlled, acutely sustained IFN-I 
signaling induces immunosuppression that facil- 
itates persistent virus infection. Considering that 
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HIV and HCV infections are also associated with 
immune activation driven by chronic IFN-I sig- 
naling (23, 27-29), a similar blockade of IFN-I 
may improve control of these infections. In total, 
our data support IFN-I as a central rheostat and 
regulator of the immunosuppressive program and 
the possibility that it may be feasible to redirect 
entire immunologic programs by modulating ac- 
tivity of a single pathway: IFN-I. 
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Persistent LCMV Infection Is 
Controlled by Blockade of Type | 


Interferon Signaling 


John R. Teijaro,’* Cherie Ng,** Andrew M. Lee,*+ Brian M. Sullivan,’ Kathleen C. F. Sheehan,” 
Megan Welch,’ Robert D. Schreiber,” Juan Carlos de la Torre,’ Michael B. A. Oldstone*t 


During persistent viral infections, chronic immune activation, negative immune regulator 
expression, an elevated interferon signature, and lymphoid tissue destruction correlate with disease 
progression. We demonstrated that blockade of type | interferon (IFN-I) signaling 

using an IFN-I receptor neutralizing antibody reduced immune system activation, decreased 
expression of negative immune regulatory molecules, and restored lymphoid architecture in mice 
persistently infected with lymphocytic choriomeningitis virus. IFN-| blockade before and after 
establishment of persistent virus infection resulted in enhanced virus clearance and was CD4 T 
cell-dependent. Hence, we demonstrate a direct causal link between IFN-I signaling, immune 
activation, negative immune regulator expression, lymphoid tissue disorganization, and virus 
persistence. Our results suggest that therapies targeting IFN-I may help control persistent virus 


infections. 


atitis B virus, and hepatitis C virus (HCV) 
represent important global health problems. 
Persistent viruses take advantage of negative 
immune regulatory molecules to suppress anti- 
viral CD4 and CD8 T cell responses (/, 2), 


Piss viral infections such as HIV, hep- 
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resulting in T cell exhaustion (3, 4) and facili- 
tating virus persistence. Hyperimmune activation 
is also observed after persistent virus infection 
and is characterized by prolonged activation 
of T cells, B cells, and natural killer (NK) cells; 
elevated pro-inflammatory mediators; and a sus- 
tained interferon signature (5-7). Type I inter- 
feron (IFN-I) signaling is upstream of hundreds 
of inflammatory genes, suggesting that IFN-I 
may be responsible for generating the hyperac- 
tivated immune environment during virus per- 
sistence. We investigated the role of IFN-I in 
regulating immune activation, immune suppres- 
sion, and virus control after persistent virus in- 
fection in mice. 
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To elucidate the role of IFN-I in virus per- 
sistence, we used lymphocytic choriomeningitis 
virus (LCMV). In adult mice, the Armstrong 
(Arm) strain causes an acute infection that is 
cleared 8 days postinfection (dpi) because of 
robust antiviral CD8 T cell responses. In con- 
trast to the Arm strain, the clone 13 (C113) strain 
causes a systemic viral infection lasting over 
90 days (8/3). Cl13-infected mice had signifi- 
cantly elevated IFN-I in the serum compared with 
Amm-infected counterparts at 18 and 24 hours 
postinfection (hpi) (Fig. 1, A and B). By using 
IFN-f-—yellow fluorescent protein (YFP) reporter 
mice (/4), we detected YFP expression in plas- 
macytoid dendritic cells (pDCs) at 18 hours post- 
C113 infection, with minimal YFP expression in 
pDCs during Arm infection (fig. $1 A). IFN-B— 
YFP expression was not observed in other spleno- 
cytes (fig. S1B), suggesting that Cl13 infection 
induces IFN-B production in pDCs. pDCs are 
reported to be an early target of Cl13 infection 
(13, 15). To address whether Cl13 preferentially 
infected pDCs, we used nonreplicating Arm or 
C113 viruses, in which their glycoproteins (GPs) 
were replaced with a green fluorescent protein 
(GFP) marker (denoted AGP-C113 or AGP-Arm). 
As expected, pDCs exhibited a 2- to 2.5-fold 
increase in GFP expression upon infection with 
AGP-CI13 compared with AGP-Arm (Fig. 1C). 
Consistent with IFN-I signaling being upstream 
of inflammatory gene expression, we observed 
elevated expression of multiple pro-inflammatory 
cytokines and chemokines 18 hours post-Cl13 
infection versus Arm infection (fig. S1C). To 
determine whether elevated pro-inflammatory 
cytokines and chemokines in Cl13 infection 
were due to IFN-I signaling, we treated mice 
with an antibody against interferon alpha-beta 
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Fig. 1. IFN-I is elevated early after onset of persistent virus infection. Serum levels of IFN-B (A) and IFN-a species (B) as 
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measured by enzyme-linked immunosorbent assay (ELISA) after initiation of persistent Cl13 or acute Arm infections in mice at 18, 
24, 48, 120, and 240 hpi in C57BL/6) mice. (C) pDCs are preferentially infected early after Cl13 infection. Percent of GFP-positive pDCs infected with AGP-Cl13 
or AGP-ARM viruses 24 hpi. *P < 0.05; ***P < 0.005. Results are representative of two to three independent experiments and represent the SEM from three to 


five mice per group. 
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Fig. 2. IFN-I signaling is essential 
for the expression of the negative 
immune regulators IL-10 and PD-L1 
and lymphoid tissue disorganiza- 
tion after persistent virus infection. 
Mice were treated with anti-IFNAR1 
1 day before infection. (A) Serum levels 
of IL-10 as measured by ELISA on days 1, 5, and 9 after cl13 infection in 
C57BL/6] mice treated with either isotype control antibodies or anti- 
IFNAR1. (B) Mean fluorescent intensity (MFI) of PD-L1 expression as 
determined by flow cytometry on either LCMV viral antigen positive (VL-4*) 
or viral antigen negative (VL-4") splenic DCs 1 day after cl13 infection. 
(C) Representative histograms of PD-L1 expression as determined by flow 
cytometry on either infected or uninfected (shaded histograms) CD8a- 
negative DCs (left) or compiled PD-L1 expression (right) at day 5 after 
C13 infection. (D) Histogram of PD-L1 expression (left) and mean flu- 
orescent intensity (right) as determined by flow cytometry on splenic CD8a- 
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negative dendritic cells at day 9 after Cl13 infection. Histopathological 
and immunofluorescent analysis of spleens on days 9 (E) and 14 (F) after 
Cl13 infection from naive mice or mice infected with Cl13 and treated 
with isotype antibodies or anti-IFNAR1 as above. (Top) Hematoxylin and 
eosin (H&E) histopathological analysis. (Middle) Staining for a stromal 
cell marker (ER-TR7, a marker for fibroblastic reticular cells) and T cells 
(CD3). (Bottom) B cell staining (B220). Images were taken with a 5x ob- 
jective. Scale bars indicate 500 um. **P < 0.01; ***P < 0.005. Results are 
representative of two independent experiments and represent the SEM 
from five mice per group. 
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receptor | (anti-IFNAR1) before infection and 
measured cytokine and chemokine levels in 
the serum 18, 24, and 48 hpi (/6). Blockade of 
IFN-I signaling significantly blunted produc- 
tion of multiple pro-inflammatory cytokines and 
chemokines after Cl13 infection at 18, 24, and 
48 hpi (fig. S1, C to E). 

‘We asked whether IFN-I signaling contrib- 
utes to the Cl13-induced immunosuppressive 
state. The IFN-I signaling blockade resulted in 
significant suppression of interleukin-10 (IL-10) 
production 1 and 5 dpi (Fig. 2A). We also de- 
tected significant suppression of programmed 
cell death | ligand 1 (PD-L1) on both CD8a° and 
CD8a DCs | dpi (Fig. 2B), which was retained 
5 and 9 dpi in CD8a_ but not CD8a° DCs (Fig. 2, 
C and D). Together, these results demonstrate 
that IFN-I signaling inhibits negative regula- 
tory molecule expression. Because DCs are pri- 
mary targets of Cl13 infection and DC infection 
is crucial for virus persistence (8, 17, 18), we 
asked whether blockade of IFN-I signaling al- 
tered the DC compartment. IFN-I blockade in- 
creased virus nucleoprotein (NP) expression in 
DCs and macrophages 5 dpi (fig. S2C). Blockade 
of IFN-I signaling significantly increased both 
the frequency and number of CD8a_ and CD8a’ 
DCs and macrophages (fig. S2A). Moreover, we 
observed a significant increase in DCs with an 
immune-stimulatory phenotype after blockade 
of IFN-I signaling (fig. S2B). 

The regulation of IL-10 and PD-L1 expression 
by IFN-I led us to investigate how IFN-I affects 
the immune environment during persistent virus 
infection. IFN-I blockade before C113 infection 
resulted in increased splenocyte numbers in anti- 
IFNARI compared with control treated mice 
9 dpi (fig. S3A). This correlated with significant 
increases in B cells, CD4 and CD8 T cells, NK 
cells, DCs, and macrophages (fig. S3, B and C). 
Although IFN-I blockade resulted in early in- 
hibition of multiple pro-inflammatory cytokines 
and chemokines and negative immune regulatory 
molecules after C113 infection (Fig. 2 and fig. S1, 
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Fig. 3. IFN-I signaling blockade controls persistent virus infection. 
C57BL/6] mice were treated with either isotype control antibody or anti- 
IFNAR1 1 day before infection with Cl13 (A and B) or 10 days after Cl13 
infection (C and D). (A) Serum viral titers determined by plaque assay at 
the indicated times postinfection. (B) Viral titers in serum or indicated 
tissues at day 40 after infection. (C and D) Mice were infected with Cl13 
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C to E), we detected increases in IFN-y produc- 
tion 24 hpi (fig. S2D) and similar levels of pro- 
inflammatory cytokines and chemokines 5 dpi 
(fig. S3D). 

Lymphoid architecture is integral to induc- 
tion and maintenance of immune responses 
(19-23). C113 infection resulted in severe lym- 
phoid disorganization (23) with indistinguish- 
able marginal zones and follicular structures and 
scattered B and T cell zones 9 dpi (Fig. 2E), 
which was more apparent at 14 dpi (Fig. 2F). 
IFN-I blockade preserved splenic architecture, 
so that white pulp, follicle margins, and T and 
B cell zones appeared similar to naive spleens 
(Fig. 2E, middle and bottom). Fibroblastic re- 
ticular cell staining (ER-TR7; Fig. 2E, middle 
row) highlighted preservation of splenic orga- 
nization and architecture after IFN-I blockade. 
These data demonstrate that IFN-I signaling 
contributes to splenic architecture disorganization 
during C113 infection. 

We next asked whether blockade of IFN-I 
signaling altered control of C113, IFN-I blockade 
resulted in increased percentages of lympho- 
cytes expressing LCMV viral antigen 24 hpi 
(fig. S2, C and D) and significantly higher C113 
titers in the serum 10 dpi (Fig. 3A), suggesting 
that anti-IFNARI antibody treatment blocked 
early antiviral effects of IFN-I. By 30 dpi, we 
observed significant reductions in Cl13 titers 
after IFN-I blockade (>1.5 logs) compared with 
isotype control treated mice (Fig. 3A). By 40 dpi, 
IFN-I blockade resulted in significant reductions 
of viral titers in both serum and tissues (Fig. 3B). 
By 50 dpi, virus was undetectable in the serum 
after IFN-I blockade, whereas control mice re- 
tained >3 logs of virus (fig. S4A), demonstrating 
that IFN-I blockade hastens clearance of Cl13 
infection. 

IFN-I transcripts are detectable in DCs sev- 
eral weeks after C113 infection (24). We postu- 
lated that blocking IFN-I signaling during an 
established Cl13 infection would result in faster 
viral clearance. After an initial spike in viral titers 
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20 dpi, we observed >1-log reduction in serum 
viral titers in anti-IFNAR 1 compared with isotype- 
treated mice by 40 dpi (fig. S4B). By 50 dpi, 
75% of the anti-IFNARI treated mice had un- 
detectable levels of virus, whereas 75% of control 
animals maintained >3 logs of virus (Fig. 3D). 
Analysis of virus in liver and lung 50 dpi re- 
vealed reductions in viral titers in both tissues 
after IFN-I blockade (Fig. 3D). These results 
demonstrate the therapeutic potential of IFN-I 
signaling blockade. 

We asked whether enhanced virus clearance 
after IFN-I blockade could be duplicated after 
Arm infection. IFN-I blockade during Arm in- 
fection resulted in significantly elevated viral ti- 
ters in the serum compared to control mice (fig. 
S5A). Anti-IFNAR1 treated animals maintained 
>3 logs of virus in serum 20 dpi (fig. SSB). More- 
over, after IFN-I blockade, viral titers were de- 
tectable in lungs, kidneys, and brains 30 dpi, a 
time when virus was undetectable in tissues of 
control mice (fig. SSC). The inability to clear Arm 
correlated with reduced expansion, functional po- 
tential, and cytolytic capacity of LCMV-specific 
CD8 T cells (fig. S5, D to G) with minimal effects 
on LCMV-specific CD4 T cells (fig. SSH). Clear- 
ance of Arm infection relies solely on antiviral 
CD8 T cells; thus, inhibition of IFN-I antiviral 
effects coupled to abrogation of CD8 T-cell re- 
sponses likely contributed to defective control 
of Arm infection. 

To measure localization of naive T cells to 
T cell zones in the spleen, we adoptively trans- 
ferred carboxyfluorescein diacetate succinimidyl 
ester (CFSE)-labeled naive T cells into Cl13- 
infected mice treated with isotype antibodies or 
anti-IFNAR1. Naive T cells migrated to T cell 
zones in anti-IFNAR treated mice similar to naive 
controls 5 dpi. Although T cell zones were intact 
in isotype-treated mice, naive T cells did not re- 
main in these areas (Fig. 4, A and B) despite 
similar numbers of naive CFSE-labeled T cells in 
the spleen. At 14 dpi, differences in naive T cell 
localization between anti-IFNAR1 and isotype 
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and, 10 dpi, treated with three doses of anti-IFNAR1 (500 ug on days 10 
and 12 and 250 ug on day 14). The graphs illustrate serum titers of mice 
50 dpi in the serum (C) and lung and liver (D). **P < 0.01; ***P < 0.005; 
#P = 0.07. Results are representative of more than five independent ex- 
periments and represent the SEM from five mice per group. PFU, plaque- 
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control treated mice were maintained (Fig. 4B). 
Analysis of virus-specific T cell function re- 
vealed that the numbers of GP**-specific IFN-y' 
or IFN-y' tumor necrosis factor-a (TNF-a’) 
IL-2 multifunctional cytokine-producing cells 
(Fig. 4C) along with cytolytic potential (fig. S6A) 
after anti-IFNARI treatment were comparable 
to those in isotype control treated mice, whereas 
there was a significant decrease in IFN-y- TNF-a." 
GP33-specific CD8 T cells (Fig. 4C). In contrast, 
GP61-specific IFN-y" and multifunctional CD4 
T cells 9 dpi were elevated in anti-IFNAR1 com- 
pared with control treated mice (Fig. 4D). De- 


spite elevated numbers and enhanced functional 
potential of virus-specific CD4 T cells, we observed 
similar levels of LCMV-specific immunoglobulin 
G (IgG) in the serum (fig. S6B), demonstrating 
that IFN-I blockade enhances virus-specific CD4 
T cell responses while maintaining antiviral CD8 
T cell and antibody levels. 

Because blockade of IFN-I signaling resulted 
in significantly elevated virus-specific CD4 T cell 
responses, we asked whether CD4 T cells were 
required for virus control after IFN-I blockade. 
Antibody depletion of CD4 T cells had little ef- 
fect on anti-IFNAR |—mediated reduction of viral 


m 


titers on day 21 postinfection (Fig. 4E); how- 
ever, by 40 and 50 dpi, CD4 depletion completely 
abrogated the anti-IFNAR1—mediated reduc- 
tion in viral titers compared with CD4-sufficient, 
IFNAR|-treated mice (Fig. 4, E and F). Anti- 
IFNARI treatment after CD4 depletion had no 
effect on controlling C113 replication in lungs, 
kidneys, and brains 75 dpi (Fig. 4G). These data 
demonstrate CD4 T cells are required for en- 
hanced control of persistent virus infection after 
IFN-I blockade. 

We identify IFN-I signaling as essential for 
immune activation, up-regulation of negative 
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naive T cells. Two hours after transfer, spleens were harvested to analyze 
homing and localization of naive T cells (green) to T cell zones [CD3, red; fibroblastic reticular cells (ER-TR7), blue]. Images were taken with a 20x 
objective. Scale bars, 100 um. (B) Quantitation of naive T cell localization. The number of transferred CFSE-labeled naive T cells was counted in 
10 random white pulp regions per spleen. (C) Total number of cytokine-producing GP33.4; LCMV-specific CD8 T cells in the spleen on day 9 
postinfection. (D) Total number of cytokine-producing GP¢1-30 LCMV-specific CD4 T cells in the spleen on day 9 postinfection. (E to G) Mice 
treated with anti-CD4 and/or anti-IFNAR1 or control antibodies were infected with 2 x 10° PFU of Cl13, and viral titers were measured in the 
serum and tissues at the indicated times postinfection. Viral titers in the serum were quantified by plaque assay on days 14, 21, and 40 (E) and 50 
(F) in the serum. (G) Viral titers in the lung, kidney, and brain in CD4-depleted mice treated with isotype or anti-IFNAR1 on day 75 postinfection. 
n.s., not significant; *P < 0.05; **P < 0.01; ***P < 0.005. Results are representative of two independent experiments and represent SEM from four 
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Successful integration of advanced semiconductor devices with biological systems will 
accelerate basic scientific discoveries and their translation into clinical technologies. In 
neuroscience generally, and in optogenetics in particular, the ability to insert light 
sources, detectors, sensors, and other components into precise locations of the deep 

brain yields versatile and important capabilities. Here, we introduce an injectable class 

of cellular-scale optoelectronics that offers such features, with examples of unmatched 
operational modes in optogenetics, including completely wireless and programmed complex 
behavioral control over freely moving animals. The ability of these ultrathin, mechanically 
compliant, biocompatible devices to afford minimally invasive operation in the soft tissues 
of the mammalian brain foreshadow applications in other organ systems, with potential 
for broad utility in biomedical science and engineering. 


lectronic systems that integrate with the 
Be provide powerful diagnostic and 


therapeutic capabilities for basic research 


and clinical medicine. Recent research estab- 
lishes materials and mechanical constructs for 
electronic circuits, light-emitting diodes (LEDs), 
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sensors, and other components that can wrap 
the soft, external surfaces of the brain, skin, and 
heart, for diverse functions in analytical mea- 
surement, stimulation, and intervention (/—/0). 
A significant constraint in operating these de- 
vices, however, follows from their surface- 
mounted configurations and inability to provide 
direct interaction into the volumetric depths of 
the tissues. Passive penetrating electrodes or 
optical fibers with interconnections to exter- 
nally located electronic control and/or acquisi- 
tion systems or light sources can be valuable 
in many contexts, particularly in neuroscience, 
engineering, and surgery (7, /0-/4). Direct bio- 
logical integration is limited by challenges from 
tissue lesions during insertion, persistent ir- 
ritation, and engineering difficulties in thermal 
management, encapsulation, scalable inter- 
connection, power delivery, and external con- 
trol. Many of these issues constrain attempts 
to insert conventional, bulk LEDs into brain tis- 
sue (/5) and to use semiconductor nanowire 
devices as cellular probes or active, in vitro tis- 
sue scaffolds (3, /6). In optogenetics, engineer- 
ing limitations of conventional, tethered fiber 
optic devices restrict opportunities for in vivo 
use and widespread biological application. As 
a solution, we developed mechanically compliant, 
ultrathin multifunctional optoelectronic systems 
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C multifunctional, integrated system 


200 jum 


that mount on releasable injection needles for 
insertion into the depths of soft tissue. These wire- 
less devices incorporate cellular-scale components 
ranging from independently addressable multi- 
colored microscale, inorganic light-emitting 
diodes (1-ILEDs) to colocated, precision optical, 
thermal, and electrophysiological sensors and 
actuators. 

A scanning electron micrograph (SEM) of an 
isolated gallium nitride (GaN) p-ILED, a con- 
stituent component of these systems, is presented 
in Fig. 1A, as well as an epifluorescent image 
of a device among cultured human embryonic 
kidney (HEK293) cells, to illustrate the similar 
sizes. Each such “‘cellular-scale” -ILED (6.45 4m 
thick, 50 x 50 jm?) uses high-quality epitaxial 
material grown on sapphire, processed to estab- 
lish contacts (15 * 15 um? square pads in the 
comers and an L-shaped current spreading layer 
for the p-type ohmic contact) and then released, to 
allow transfer printing onto narrow, thin plastic 
strips. The ,1-ILEDs are less than one-thousandth 
the size of conventional LEDs (typically 100 um 
thick, with lateral dimensions of | mm’) and fiber 
optic probes, as discussed below (/7). The small 
sizes of u-ILEDs allow for spatially precise, 
cellular-scale delivery of photons, highly effective 
thermal management, reduced tissue damage, 


and minimized inflammation for prolonged use 
in vivo. 

Combining u-ILEDs with electronic sensors 
and actuators yields multifunctional integrated 
systems that can be configured in single or mul- 
tilayer formats. The latter option is illustrated in 
Fig. 1, B and C, in which the sensors and/or ac- 
tuators include a Pt microelectrode for electro- 
physiological recording or electrical stimulation 
(layer no. 1: a 20 x 20 um? exposure defines the 
active area), a microscale inorganic photodetector 
(u-IPD) based on an ultrathin silicon photodiode 
(layer no. 2: 1.25 um thick, 200 x 200 uum’), a 
collection of four y-ILEDs connected in parallel 
(layer no. 3), and a precision temperature micro- 
sensor or microheater (layer no. 4: Pt serpentine 
resistor) (more details in figs. S1 to $3) (78). Each 
layer is processed on separate substrates shaped 
to match a releasable, photolithographically de- 
fined epoxy microneedle (fig. $4). A thin layer 
(~500 nm) of epoxy joins each of the layers in a 
precisely aligned, stacked configuration. The mi- 
croneedle bonds to the bottom layer with a thin, 
bio-resorbable adhesive based on a film of pu- 
rified silk fibroin, which enables removal of the 
microneedle after implantation (Fig. 1D, movie 
S1, and fig. S5). The microelectrodes measure 
extracellular voltage signals in the direct vicinity 


Fig. 1. Injectable, cellular-scale semiconductor devices, with multifunctional operation in 
stimulation, sensing, and actuation. (A) (Left) Colorized SEM (left) of a GaN w-ILED (~6.45 um 
thick, and 50 x 50 jm’; contacts, gold; spreading layer, red). (Right) Fluorescent image of a -ILED 
(blue) with cultured HEK293 cells that express an eYFP-tagged transmembrane protein (green). (B) 
A multifunctional, implantable optoelectronic device, in a tilted exploded view layout illustrating 
various components. The system includes layers for electrophysiological measurement (no. 1: Pt contact 
pad, microelectrode), optical measurement (no. 2: silicon u1-IPD), optical stimulation (no. 3: u-ILED array), and temperature sensing (no. 4: serpentine Pt 
resistor), all bonded to a releasable structural support for injection (microneedle). (C) Top view of the integrated device shown in (B). (D) Process of 
injection and release of the microneedle. After insertion, artificial cerebrospinal fluid (center) dissolves the external silk-based adhesive. The microneedle 
is removed (right), leaving only the active device components in the brain. (E) SEM of an injectable array of 1-ILEDs. The total thickness is 8.5 um. (Inset) 
Rigid device before coating with a passivation layer. (F) Integrated system wirelessly powered with RF scavenging. (Insets) A connectorized device 
unplugged (top) and plugged into (bottom) the wireless power system. (G) Healthy, freely moving mice with lightweight, flexible (left) and rigid (right) 
wireless systems powering GaN u-LED arrays in the VTA. 
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of illumination and can also be used for stimu- 
lation (Fig. 2H). The temperature sensors deter- 
mine the degree of local heating, with a precision 
approaching ~1 mK, and can also be used as mi- 
croheaters. The -IPD can measure the intensity 
of light from the -ILEDs while implanted deep 
in brain tissue and/or can enable basic spectro- 
scopic evaluations such as absorption, fluo- 
rescence, and diffuse scattering (for details, see 
figs. S6 and $7) (/8). 

Injection of such flexible devices into the 
brain follows steps shown in Fig. 1D and movie 
S1. The injected multifunctional optoelectronic 
systems have a total thickness of ~20 um. This 
exceptionally thin geometry, low bending rigid- 
ity, and high degree of mechanical flexibility 
(Fig. 1, E and F) allow for minimally invasive 
operation. Wired control schemes use standard 
transistor-transistor logic (TTL) and are there- 
fore compatible with any readily available elec- 
trical commutator. Details on wired powering 
strategies and demonstration of wired opto- 


genetic functionality in rodent behavioral as- 
says are presented in figs. $8, S9, and S10 (/8). 
Implementation of a wireless power module 
based on radiofrequency (RF) scavenging is 
shown in Fig. 1F. A custom flexible polyimide 
film-based lightweight (~0.7 g) power scav- 
enger or a rigid printed circuit board—based 
scavenger (~2.0 g) (Fig. 1G and fig. S11) can be 
temporarily mounted on freely moving animals 
for short-term experimentation without con- 
straint in natural animal behavior (Fig. 1G). The 
entire system consists of a wireless power trans- 
mitter and RF signal generator; an RF source 
(910 MHz, power output between 0.02 and 
0.1 mW); a power supply; an RF power am- 
plifier (gain of 49 dB at 910 MHz, power out- 
put between 1.6 and 7.9 W); and a panel antenna 
(gain of 13 dBi), as in fig. S11 and fig. S12. The 
low-frequency signal generator provides user- 
controlled amplitude modulation for programmed 
operation. The RF power that reaches the ani- 
mals, under normal operating conditions at a dis- 
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tance of ~1 m, is between 0.15 and 0.77 mW/cm?, 
which is substantially smaller than the maximum 
permissible exposure limits (3.03 mW/cm?) for 
humans in controlled environments (/9). Wire- 
less control allows access to complex and etho- 
logically relevant models in diverse environmental 
settings, including social interactions, home cage 
behaviors, wheel running, complex maze naviga- 
tion tasks, and other behavioral outputs (Fig. 1G 
and fig. S13). 

The electrical, optical, and thermal character- 
istics of the devices when operated in biological 
environments are important for optogenetics and 
other biomedical applications. The total optical 
power density of the four u-ILEDs in this device 
as a function of electrical input power is shown 
in Fig. 2A (more details in figs. S14 and S15) 
(18). This performance is comparable to sim- 
ilarly designed, state-of-the-art conventional GaN 
LEDs (/7). Many optogenetic constructs can be 
activated with ~1 mW/mm”, at wavelengths near 
450 nm (/3). These conditions are well matched 
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Fig. 2. Optical, thermal, and electrophysiological studies with 
corresponding theoretical analyses. (A) Total optical power density 
as a function of electrical input power applied to an array of four 
GaN u-ILEDs; optical images show operation at 3, 20, and 40 mW. 
(B) A single device has one 675-nm GaAs u1-ILED and four 450-nm GaN 
u-ILEDs that can be activated independently (top left and top right) or 
concurrently (bottom left). The same device is coated in a fluorescein 
sodium salt phosphor for 530-nm light (bottom right). (C) Measured 
and (D) calculated temperatures in explanted brain tissue near im- 
planted ,1-ILEDs at a depth of 0.3 mm and operated at 17.7 mW/mm? of 
light output power. (E) Temperatures in a system similar to that of (C) and 
(D), as a function of duty cycle in the operation of the u-ILEDs and at three 
different implantation depths (0.3, 1.0, and 2.0 mm) and two different light 
output powers (17.7 and 23.5 mW/mm’). (F) Change in brain temperature 
as a function of time, measured using an integrated temperature sensor 
colocated with an array of four u-ILEDs in a lightly anesthetized mouse. 
Results evaluated at a peak input electrical power of 8.65 mW, in 3-, 5-, 10-, 
and 20-Hz pulses (10-ms duration). The vertical dashed lines indicate onset 
(at 60 s) and offset (at 240 s) of the u-ILEDs. Colored dashed lines corre- 


www.sciencemag.org SCIENCE VOL 340 


spond to theoretical models for the temperature. The right frame shows the 
time dynamics as the device is powered. (G) Change in photocurrent as a 
function of time, measured using an integrated ,1-IPD, for three different light 
output powers to an array of 1-ILEDs: 5.0 mW/mm? (blue trace), 16.2 mW/mm? 
(red trace), and 21.9 mW/mm? (black trace) at different pulse frequencies 
(10-ms pulses at 3, 5, 10, and 20 Hz). (H) Extracellular voltage trace (5 s) 
of spontaneous neuronal activity gathered using the integrated Pt micro- 
electrode. (I) The same data are filtered and sorted using principal compo- 
nents analysis to identify single units. 
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to the output of the GaN u-ILEDs. Input power 
of ~1.0 to 1.5 mW (Fig. 2A) is sufficient for 
both activation of the channelrhodopsin-2 [ChR2 
(H134)] ion channel and precise control of intra- 
cellular signaling [adenosine 3',5'-monophosphate 
(cAMP) and extracellular signal-regulated ki- 
nase (ERK 1/2)] via an optically sensitive seven- 
transmembrane domain receptor (OPTO-B2) (20) 
(Fig. 3, C and D, and figs. S16 and S17). Wire- 
lessly, at a distance of | m, the RF scavenger 
produces 4.08 mW of electrical power result- 
ing ina 7 mW/mm? optical power density. Other 
wavelengths are possible using different types 
of u-ILEDs, either in multicolored or uniform 
arrays. An example of the latter, with blue and 
red (GaAs) yt-ILEDs, and the former, with green 
devices (produced using fluorescein sodium salt 
phosphor on a blue GaN u-ILED), are shown 
in Fig. 2B. 

ut-ILED-induced changes in temperature de- 
termined by infrared imaging and by analytical 
calculation, respectively, are shown in Fig. 2, C 
and D. The p-ILEDs were implanted 0.3 mm 
into an explanted piece of brain tissue held at 
37°C. The time-averaged temperatures measured 
at light-pulse (10-ms) frequencies of 3, 5, 10, and 
20 Hz with peak light output of 17.7 mW/mm? 


Fig. 3. )-ILED devices improve spatial tar- 
geting and reduce gliosis. (A) Colorized SEM 
(left) of a u-ILED mounted on a standard 200-11m 
fiber optic implant. (B) (Left) A dorsal-ventral— 
oriented light cone (outlined in white) from a 
200-1m bare fiber implant (blue dash) emitting 
465-nm light in 30 1M fluorescein water. (Center) 
Nearly omnidirectional light escape from a 1-ILED 
device (blue dash) with four 450-nm u-ILEDs. 
(Right) Lateral light escape (outlined in white) 
from a modified u-ILED device (blue dash) to 
allow unique spatial targeting, including flanking 
positions along the dorsal-ventral axis of brain 
loci. (C) Confocal fluorescence images of 30-um 
brainstem slices containing the LC show staining 
for tyrosine hydroxylase (TH) and c-fos in control 
(left), fiber optic—implanted (center), and u.-ILED 
device—-implanted (right) animals after 1 hour of 
3-Hz photostimulation (15-ms pulses, 5-mW out- 
put power). Scale bar, 100 tum. (D) Fiber optic and 
u-ILED treatments specifically increase coimmuno- 
reactivity. In ventral portions of the LC, the 1-ILED 
devices express a higher proportion of TH (blue) 
and c-fos (red) coimmunoreactive neurons than 
fiber optic or control groups [n = 3 slices per brain 
from three brains for each group; two-way analysis 
of variance (ANOVA) with Bonferroni post hoc 
adjustment; all error bars represent means + SEM; 
*P < 0.05, **P < 0.01]. (E) Confocal fluorescence 
images of 30-1 striatal slices show staining for 
astrocytes [glial fibrillary acidic protein (GFAP), 
red] and activated microglia (Iba1, green) at the 
ventral tip of each implanted device (dashed 
outline). Gliosis is smallest with the u-ILED device 
at 2 and 4 weeks. 


are 37.17°, 37.22°, 37.31°, and 37.46°C, respec- 
tively. These results are similar to calculated time- 
averaged temperatures of 37.20°, 37.34°, 37.68°, 
and 38.37°C, respectively. Note that the input 
power used in these tests is 10 times what is nec- 
essary to activate many optogenetic constructs 
(73). The cellular-scale dimensions of the -ILEDs 
enable high rates of passive thermal spreading, 
and the brain tissue itself operates as an efficient 
heat sink. The latter is apparent in studies of the 
dependence of operating temperature on tissue 
thickness, operating power, and frequency (Fig. 
2E). As in Fig. 2D, the experiment and theory 
agree remarkably well in spite of the indirect 
correlation between infrared imaging results 
and temperature at the location of the devices 
(details appear in figs. S18 and S19) (/8). Per- 
fusion in living tissue further increases the ef- 
ficacy of these biological heat sinks. Changes in 
temperature measured in vivo using an integrated 
temperature sensor (fig. S6) compared with 
calculated results are shown in Fig. 2F. Collect- 
ively, these results indicate that changes in tem- 
perature associated with operation of ,1-ILEDs 
can be less than 0.10°C for pulse frequencies 
less than 20 Hz, typical of many neuronal firing 
rates. These values are much lower than those that 
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occur in human deep brain stimulation (DBS) 
regulation, ~2°C (2/). Furthermore, in wireless 
operation, there is no appreciable change in tem- 
perature associated with operation at the head 
stage antenna or the skull (fig. S20). 

Other components of this multifunctional 
platform exhibit similarly good characteristics. 
To demonstrate operation of the silicon u1-IPD, 
Fig. 2G shows photocurrents generated by dif- 
ferent intensities of light from p-ILEDs at differ- 
ent pulse frequencies. Finally, the Pt microelectrode 
has a 400 um? exposure site with ~1.0 MQ im- 
pedance at 1 kHz capable of measuring extracel- 
lular potentials on the microvolt scale necessary 
to distinguish individual action potentials (Fig. 
2H), as demonstrated with clear clustering in 
the principal component analysis of spike data 
(Fig. 21). 

For use in optogenetics, such devices elimi- 
nate the need for lasers, bulk LEDs, fiber coupling 
systems, tethers, and optomechanical hardware 
used in conventional approaches (fig. S8). Fur- 
thermore, the fundamental optics of 1-ILEDs 
are very different from typical fiber optic im- 
plants. Absorbing and reflecting structures around 
the emissive areas of the ut-ILEDs enable pre- 
cise delivery of light to cellular subregions. The 
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relative size and the different pattems of light 
emission from [t-ILEDs to fiber optic probes are 
shown in Fig. 3, A and B. Fiber optics typically 
approach brain structures dorsally. This approach 
preferentially illuminates cells in the dorsal por- 
tion of the targeted region with greater light 
intensity near the point of light escape (22) (Fig. 
3B, left, and fig. S21). Targeting ventral cell 
bodies or terminals requires lesion of dorsal re- 
gions or the use of substantially greater, and po- 
tentially phototoxic (23), amounts of light to 
the site of interest. Neither option protects the 
intact architecture of a complete brain locus. Al- 
though recent advances have spatially restricted 
light from implanted fiber optics (24, 25), these 
approaches require the use of invasive metal 
cannulae (Fig. 3E) or rely on sophisticated and 
sensitive optomechanical engineering that may 
limit their use in awake, behaving animals. The 
architecture of the u-ILEDs enables light de- 
livery medial or lateral to the intended target 
brain region. Native light escape from t-ILEDs 
is nearly omnidirectional (Fig. 3B, center) but 
can be restricted to a wide range of angles with 
absorbing or reflective structures on the device 
(Fig. 3B, right). 

We implanted both u-ILEDs and fiber optics 
into animals expressing ChR2(H134)-eYFP (tagged 
with enhanced yellow fluorescent protein) in the 
locus coeruleus (LC) (fig. $21). One hour of 


Fig. 4. Wirelessly powered j1-ILED devices operantly drive conditioned 
place preference. (A) Cell type-specific expression of ChR2(H134)-eYFP 
(green) in dopaminergic and TH-containing (red) neurons of the VTA. (Inset) 
For clarity, TH channel alone. All scale bars, 100 jum. (B) Operant learning 
curve on the active (left) and inactive (right) nose poke devices over 5 days 
of 1-hour trials in the Y maze. Each active nose poke drives 1 s of 20-Hz light 
(5-ms pulses) from the j1-ILED device (n = 6 to 8 mice/group; two-way ANOVA 
with Bonferroni post hoc adjustment; **P < 0.01). (C) Mean number of nose 
pokes + SEM across all five conditioning sessions (*P < 0.05, one-way 
ANOVA with Bonferroni post hoc adjustment). (D) Heat maps of activity 
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output-matched photostimulation induced c-fos 
expression (26), a biochemical marker of neu- 
ronal activation, in both groups of ChR2(H134)- 
eYFP-expressing mice that was not seen in green 
fluorescent protein (GFP)-expressing controls (Fig. 
3, C and D). The spatial distribution of c-fos ex- 
pression, however, differed markedly between 
the fiber optic and u-ILED groups. u-ILED de- 
vices produced significantly greater activation in 
the ventral LC (Fig. 3D). 

The physical sizes and mechanical proper- 
ties of the -ILED systems reduce lesioning, 
neuronal loss, gliosis, and immunoreactivity. 
Glial responses are biphasic with an early phase 
featuring widespread activation of astrocytes 
and microglia and a late, prolonged phase hall- 
marked by restriction of the gliosis to the area 
closest to the implanted substrate (27). The 
u-ILED devices produced substantially less 
glial activation and caused smaller lesions than 
metal cannulae and fiber optics, at both early 
(2 weeks) and late (4 weeks) phases (Fig. 3E). 
Furthermore, the brain tolerates the thin, flexible 
devices better than rigid structures (Fig. 3E), con- 
sistent with reports on passive electrode devices 
(28). Finally, we examined the chronic function- 
ality of the devices and demonstrated that they 
are well tolerated in freely moving animals with 
encapsulated sensors and ,1-ILEDs, which main- 
tain function over several months (fig. S22). 


REPO 


We next implemented a fully wireless sys- 
tem for dissecting complex neurobiology and 
behavior. Phasic neuronal firing of ventral teg- 
mental area (VTA)-dopaminergic (VTA-DA) 
neurons encodes salient stimuli and is sufficient 
for behavioral conditioning (29-32). We selec- 
tively targeted ChR2(H134)-eYFP to VTA-DA 
neurons (Fig. 4A) and tested whether mice 
would engage in wireless, optical self-stimulation 
(20 5-ms pulses every nose poke) of their dopa- 
mine reward pathway. To increase the contextual 
salience of the stimulation and to demonstrate 
wireless function of the u-ILED devices, the 
mice were free to explore a complex environ- 
ment (fig. S23, A to C). In the absence of phys- 
ical reward, the same stimulation of VTA-DA 
neurons that drives a traditional conditioned place 
preference (fig. S9) (29, 30) is actively sought 
with a cued nose poke when paired within a dis- 
crete environmental context. ChR2(H134)-eYFP 
mice learned to self-stimulate their dopamine 
neurons (Fig. 4, B and C) and, furthermore, de- 
veloped a robust place preference (Fig. 4, D 
and E) for the environmental context containing 
the active nose poke for VTA-DA stimulation. 
ChR2(H134)-eYFP animals showed strong cor- 
relation (r = 0.8620, P = 0.0272) between the 
number of active nose pokes and the magnitude 
of conditioned place preference that was ab- 
sent in eYFP controls (Fig. 4F and fig. S23E). 


Active Inactive cChr2 
30: kk 307 12 
—@— eYFP 10 
8 —e® ChR2 3 
x 20: 204 g 8 
& 3 60: 
oO 3 
$ 10: 104 = 40 
Zz g 
e 2 
(oe co es sa - - 
° 12345 12345 Active Inactive 
Conditioning Session 
E 6004 x  F 800 
30 S 60 : 
Ze 4005 2 
ia 5 40 
5 100: 200+ 2 
® ® 200: 
2 a 
a = 
0 100 200 
200° Session Active nose pokes (Total) 


during the posttest; hotter colors represent longer duration in a location in 
that part of the apparatus. (E) (Left) Place preference scores calculated as 
posttest minus pretest in the active nose poke—paired context. Five days of 
self-stimulation significantly conditioned a place preference that developed 
over the course of the training sessions and remained during the posttest 
(right) (*P < 0.05, t test compared with controls; *P < 0.05, two-way 
ANOVA with Bonferroni post hoc adjustment). All error bars represent 
means + SEM. (F) Scatter plot demonstrating positive correlation (r = 
0.8620, P = 0.0272) between posttest preference and total number of 
active nose pokes during training in the ChR2(H134)-eYFP group. 
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In addition, we examined the effects of wire- 
less tonic stimulation of VTA-DA neurons on 
anxiety-like behavior. Tonic stimulation at 5 Hz 
reduced anxiety-like behavior, whereas phasic 
activation of VTA-DA neurons did not have an 
effect on anxiety-like behavior (fig. S24). These 
findings are consistent with the anxiolytic actions 
of nicotine on VTA-DA neurons, as well as the 
behavioral phenotypes seen in the ClockAl19 
mice that have increased tonic firing of VTA-DA 
neurons (33, 34), and further establish the utility 
of wireless optogenetic control in multiple envi- 
ronmental contexts. 

These experiments demonstrate that these 
devices can be readily implemented in opto- 
genetic experiments. Future possible uses are 
in closed-loop operation, where actuators (e.g., 
eat, light, and electrical) operate in tandem with 
sensors (e.g., temperature, light, and potential) 
for altering light stimulation in response to phys- 
iological parameters, such as single-unit activity, 
pH, blood oxygen or glucose levels, or neuro- 
chemical changes associated with neurotrans- 
mitter release. Many of the device attributes that 
make them useful in optogenetics suggest strong 
potential for broader utility in biology and me- 
dicine. The demonstrated compatibility of sili- 
con technology in these injectable, cellular-scale 
platforms foreshadows sophisticated capabil- 
ities in electronic processing and biological in- 
terfaces. Biocompatible deep-tissue injection of 
semiconductor devices and integrated systems, 
such as those reported here, will accelerate pro- 
gress in both basic science and translational 
technologies. 
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Interactions Between the Nucleus 
Accumbens and Auditory Cortices 
Predict Music Reward Value 


Valorie N. Salimpoor,”’”’** Iris van den Bosch,* Natasa Kovacevic,* Anthony Randal McIntosh,” 


Alain Dagher,* Robert J. Zatorre’? 


We used functional magnetic resonance imaging to investigate neural processes when music 
gains reward value the first time it is heard. The degree of activity in the mesolimbic striatal 
regions, especially the nucleus accumbens, during music listening was the best predictor of the 
amount listeners were willing to spend on previously unheard music in an auction paradigm. 
Importantly, the auditory cortices, amygdala, and ventromedial prefrontal regions showed 
increased activity during listening conditions requiring valuation, but did not predict reward 
value, which was instead predicted by increasing functional connectivity of these regions with 
the nucleus accumbens as the reward value increased. Thus, aesthetic rewards arise from the 
interaction between mesolimbic reward circuitry and cortical networks involved in perceptual 


analysis and valuation. 


usic is a potent phenomenon, existing 
M: all cultures from prehistory onward 
(7). How sounds that have no intrinsic 
reward value can become highly pleasurable re- 


mains largely unknown. Prior studies demon- 
strate that listening to music engages not only the 
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auditory cortices, but also emotion regions and 
reward-related mesolimbic circuits (2, 3); studies 
have also shown that dopamine mediates this 
response in the striatum (4). These reward cir- 
cuits reinforce biologically adaptive behaviors, 
including eating and sex (5, 6), and are shared by 
most vertebrates. However, appreciation of mu- 
sic is complex and seemingly distinct to humans 
and is dependent on sociocultural factors, expe- 
rience, and memory, suggesting an integrative 
role for cortical processes in interaction with 
dopamine-reinforcement circuits. Dopamine is 
involved in incentive salience and reward pre- 
diction, leading to expectation and anticipation 
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of a desirable item (7—9). The principal affec- 
tive impact of music is thought to be elicited 
by the creation of expectancies through tempo- 
rally rooted phenomena, such as delay, antici- 
pation, and surprise (/0). Previously, functional 
magnetic resonance imaging (fMRI) revealed 
hemodynamic activity associated with antici- 
patory periods preceding peak pleasure mo- 
ments during music listening; this activity took 
place in the same regions that showed dopa- 
mine release using ligand-based positron emis- 
sion tomography (4). Anticipation may arise 
from either explicit knowledge of specific music 
or more implicit schematic expectancies repre- 
senting rules of how sound patterns are organized 
(0, 11) based on culture- and person-specific 
musical knowledge gained through years of 
exposure to various musical sounds. The former 
can explain why we enjoy familiar music, but 
not how previously unheard music can be ap- 


Fig. 1. Experimental 


paradigm. (A) Blood- A 

oxygenation levet-dependent 

(BOLD) activity was col- 

lected while participants 

listened to 60 30-s clips Sublect1 Seoul 
of new music (matched to Subject 2 ,) BOLD 
their preferences by music- 

recommendation software, Subject 3 801 


such as Pandora and Last. 
fm). Participants then placed 
bids with their own money 
that were used to catego- 


preciated. A prediction-error model (/2) in which 
predictions are fulfilled or surpassed, mediated 
via a dopaminergic response (9), may shape the 
biological response to music based on schematic 
expectancies independent of explicit knowl- 
edge. To examine this hypothesis, we used new 
music excerpts to minimize explicit predictions, 
selected with the help of music-recommendation 
software designed to reflect individual prefer- 
ences (see www.zlab.megill.ca/science2013/ for 
a list of music stimuli used in this experiment) 
(73). To assess reward value objectively, indi- 
viduals could purchase the music with their 
own money, as an indication that they wanted 
to hear it again. To further increase ecological 
validity, we used an interface and prices similar 
to those in iTunes. While undergoing fMRI scan- 
ning, 19 participants (10 female, 9 male) (table 
$1) listened to 60 musical excerpts, providing 
bids of how much they were willing to spend 


Music Excerpt 2 
30 seconds 


Music Excerpt 60 
30 seconds 


‘scans acquired ‘scans acquired 


me | | 
deoo i pso.o fea 
+ so. | $128) )so.o i 
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Condition labeled according 
to bid for each individual 
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for each item in an auction paradigm (Fig. 1 and 
fig. S1) (14). 

Whole-brain analysis of hemodynamic ac- 
tivity during the 30-s listening period of excerpts 
with bids greater than $0 showed increased ac- 
tivity in the dorsal and ventral striatum, inferior 
frontal gyrus (IFG), insula, temporal pole, and 
cerebellum (Fig. 2A and table S2). To ex- 
amine which of these regions are associated 
with reward value, we selected the 11 individ- 
uals with sufficient bids in all categories ($0, 
$0.99, $1.29, and $2) and at least three bids in 
the most expensive category. Multivariate re- 
gression revealed that reward value (amount 
bid) was most directly related to the degree of 
activity in the right nucleus accumbens (NAcc) 
in the ventral striatum, a key region associated 
with positive prediction error (/5, 16); NAcc 
activity accounted for 33% of the variability in 
bids. The right caudate, a part of the dorsal 


Purchased Not Maximum — Minimum 
Purchased Bid Bid 
Bs fs 
BOLD Contrast Connectivity Change 


rize each excerpt according to desirability ($0, $0.99, $1.29, and $2) for the purposes of analysis. (B) Contrast analysis revealed regions associated 
with purchasing (Fig. 2A). (C) Multivariate connectivity methods allowed us to examine neural interactions associated with increased reward value of 


music (Fig. 3). 


Fig. 2. Neural activity associated with reward 
value of music. (A) A whole-brain contrast revealed 
areas, including the dorsal and ventral striatum, that 
are active during the processing of desirable (bids > 
$0) as opposed to undesirable ($0 bids) music (table 
S2A). Z, plane of horizontal section (millimeters); t, 
value of f statistic; X, plane of vertical section (milli- 
meters). (B) Among individuals who made sufficient 
bids in all categories (13), multiple linear regression 
allowed us to determine which purchasing-related 
regions (table S2B) corresponded to increasing re- 
ward value. Among the clusters from Fig. 1A, signal 
change in the right NAcc accounted for 33% of the 
variability in the amount spent, and the caudate 
accounted for an additional 10%; other regions did 
not contribute directly to reward value. Error bars 
indicate 1 SEM. (C) Average BOLD signal time course 
for the right NAcc and right caudate during the 
30-s excerpts. 
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Fig. 3. Changes in NAcc func- 
tional connectivity associated 
with increasing desirability 
of music. (A) Partial least-squares 
analysis revealed robust increases 
in connectivity between the NAcc 
and other subcortical and corti- 
cal regions when individuals hear 
music they consider highly desir- 
able, compared with music they 
do not want to hear again (table 
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striatum, accounted for a smaller proportion of 
variability (10%) in bid value, whereas the other 
clusters (table S1) did not show a significant 
contribution. 

We used partial least-squares analysis (/7) to 
examine how the mesolimbic striatal areas inter- 
act with other brain regions as musical sequences 
gain reward value. The NAcc showed highly ro- 
bust increases in functional connectivity with large 
portions of the superior temporal gyrus (STG), en- 
compassing the primary and surrounding auditory 
cortices bilaterally when individuals listened to 
items they found most desirable (Fig. 3A). These 
same auditory regions showed increased activity 
during music listening as opposed to silence 
(Fig. 3B) and are involved in perceptual pro- 
cessing of music (/8). Increased hemodynamic 
activity in these regions did not predict reward 
value (Fig. 3C). However, their degree of func- 
tional connectivity with the NAcc established the 
level of desirability of the music for the individual 
(Fig. 3A). 

Other areas that showed an increase in fune- 
tional connectivity with the NAcc as music val- 
ue increased include the ventromedial prefrontal 
cortex (VMPFC), orbitofrontal cortex (OFC), 
amygdala, hippocampus, right IFG, anterior 
cingulate cortex, and clusters in the somatosen- 
sory and motor areas (table $3). Although ac- 
tivity in most of these areas was also increased 
in the maximum reward condition, the VMPFC, 
OFC, and amygdala demonstrated similar ac- 
tivity in all conditions, regardless of amount bid 
(Fig. 3C). These regions play a well-established 
role in emotional processing and value-guided 
decision-making (/9, 20) and are consistently 
recruited for processing all musical stimuli, 
which suggests a role for assigning and main- 


taining value of musical sound sequences as 
they are temporally revealed. Importantly, these 
brain regions show increased connectivity with 
the NAcc only when the sounds gain reward val- 
ue for the individual (Fig. 3A). These findings 
suggest a mechanism for valuation of stimuli 
with abstract importance. 

The right caudate also showed increased con- 
nectivity bilaterally with the posterior STG pro- 
portionally to bid value, suggesting a role for 
retrieval of previously stored sound information; 
other areas showing this trend included the hip- 
pocampus and the prefrontal cortex (table S4). 
Connectivity between the caudate and premotor 
areas implicated in beat processing (2/) also in- 
creased during time spent listening to highly de- 
sirable sounds. 

Our results show that a network of regions— 
similar to that from studies with other stimuli 
in tasks involving reward, salience, and pur- 
chasing (/9, 22)}—was recruited during real- 
time processing of desirable new music, but 
only the dorsal and ventral striatum demon- 
strated activity proportional to the reward val- 
ue of the stimulus. These areas were similar to 
those that showed dopamine release to famil- 
iar, highly pleasant music (4). Thus, the cur- 
rent results show that explicit familiarity is not 
necessary for activity in dopamine target re- 
gions, which may also depend on implicitly 
formed expectations based on previously ac- 
quired musical knowledge. Further, as the tem- 
poral unfolding of novel sound sequences gains 
reward value, highly robust interactions occur 
between cortical areas that store information 
about sound relationships and subcortical areas 
involved in assessing positive prediction er- 
rors (19, 23, 24). These results collectively sug- 


gest that our appreciation of new music is 
likely related to (i) highly individualized ac- 
cumulation of auditory cortical stores based 
on previous listening experiences, (ii) the cor- 
responding temporal expectations that stem 
from implicit understanding of the rules of 
music structure and probabilities of the occur- 
rence of temporal and tonal events, and (iii) 
the positive prediction errors that result from 
these expectations. This conclusion is consistent 
with music-theoretic models that emphasize 
temporal expectations as one of the main di- 
mensions resulting in the affective impact of 
music (/0, 25). Here, both dorsal and ventral 
striatal regions were involved in these inter- 
actions, whereas in our previous study (4), the 
two structures were temporally dissociated ac- 
cording to anticipation versus experience of 
peak pleasure. The present finding is consist- 
ent with the idea that during music listening 
there may be ongoing, possibly overlapping, 
processes of expectancy and evaluation as mu- 
sical events unfold, thus giving rise to activity 
in both striatal regions. 

The reward value of music is abstract: It does 
not involve a tangible substance, but rather a 
combined sensory and cognitive experience that 
can influence one’s affective state. Our data 
show robust interactions between sensory and 
affective systems: The subcortical regions work 
in concert with the auditory sensory cortices 
to establish a potentially rewarding stimulus 
that is experienced for the first time as desir- 
able. The auditory cortices are involved in au- 
ditory sensory memory and imagery, extraction 
of sound relationships, and discrimination and 
organization of sound patterns (/8). These cor- 
tical stores may contain templates of previously 
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heard sounds, making them an ideal location 
for feedback regarding temporal predictions, 
which, in combination with the NAcc, can con- 
tribute to the rewarding nature of musical sounds. 
These expectancies need not be confined to har- 
monic or metrical structure, but may also include 
other features of musical sounds, including tim- 
bre, loudness changes, and perhaps even the in- 
tegration of verbal content when present. Further 
support linking musical reward with temporal 
expectancies and positive prediction errors comes 
from the finding that highly desirable items are 
marked by enhanced NAcc connectivity with 
regions of the IFG that are thought to be involved 
in harmonic expectancy and processing musical 
structure (26). As these frontal areas are more 
generally involved in attentional processes, se- 
quencing, and working memory and are also 
connected to the STG (27), they are in prime 
position to integrate auditory information over 
time and form syntactic predictions. Music pro- 
cessing also involves sensory-motor interactions 
coupling auditory with premotor and frontal 
regions, a link that has also been proposed as 
related to musically elicited emotion (2/). In 
summary, we show that through the temporal 
dimension, previously neutral cues—tones and 
other sound sequences that have no inherent re- 
ward value—interact with higher-order cognitive 
brain regions to gain incentive salience, which 
then influences affective brain regions and im- 
pacts behavioral decisions about the value of an 
abstract stimulus. 
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An Expanding Color Palette 
for Biotechnology 


Think of any multiplexed biological technique. RT-PCR. DNA sequencing, Flow cytometry. Microscopy. 
All work on different principles. Yet all have one common factor: fluorescence, The ever-expanding 
variety of fluorescent molecules, nanoparticles, and proteins has expanded the palette, so to speak, of 
biological experimentation. The pages of research journals may be filled mostly with reds and greens, 
but today’s researchers have literally dozens of hues available from which to choose. Such variety has 
expanded the spectrum of applications and instrumentation available to the research community. The 


future of fluorescence multiplexing has never seemed so, ahem, bright. By Jeffrey M. Perkel 


° 


ario Roederer, senior investi “We realized one of our limitations was that we weren’t able to inter 
“So while our gator in the Vaccine Research  rogate the immune system sufficiently,” he says. 
one ‘. Center at the National Insti- At the time, flow cytometry was limited by a lack of useful, separable 
ability to multiplex : ee . af 4 er 
tute of Allergy and Infectious Dis- fluorescent labels to four color channels, far too few to delve into immune 
1a 
hasn't increased eases (NIAID), knows something of the _ cell subtypes. By the time Roederer left the lab, however, the number of 
with the new dyes promise and limitations of fluorescent dyes. available channels had risen to 12, the result of improvements in hard 
ee Roederer has been studying T cell re- ware, software, and dye chemistries, and by the early 2000s it was up to 
OUE-SeNsitivity’ sponses to infection and vaccines for nearly 18 thanks to a new class nanoparticulate quantum dots from Quantum Dot 
and ability to 20 years, first as a postdoc in Len Herzen- (now part of Life Technologies). 
A berg’s lab at Stanford University and later Using those 18-color panels, Roederer’s group has been able not only to 
make precise S , : S 3 ’ 
as a group leader at NIAID. In the early identify cells of interest, but probe their behavior as well. “You need six or 
grouy 3 DUE 


measurements has —to-mid-1990s, Roederer says, he and his _ eight colors just to identify the cells,” he explains, “and then you need other 
increased ina way colleagues in Herzenberg’s lab were using colors to see what they are doing” In one recent paper, Roederer’s lab 


that lhaven'tseen 12% “Ytometry to try to understand the characterized stem cell-like memory T cells as a subpopulation of CD95", 
impact of HIV-1 infection on the immune —_ IL-2R[B]", CXCR3*, LFA-1* cells within the larger CD45RO’, CCR7*, 

in 20 years.” system. CD45RA*, CD62L", CD27*, CD28", IL-7R[@]* T cell “compartment.” 
Flow cytometry is the workhorse of im Today, Roederer’s 18-color panels represent essentially the state-of-the 
munology labs, enabling researchers to art in fluorescent flow cytometry (and, for that matter, for fluorescent ex- 


interrogate cells one by one to identify periments in general). But the state-of-the-art isn’t static: New fluorescent 
those that do or do not express specific cell dyes promise to boost his multiplexing capability to 25- or even 30-plex 


surface markers, such as CD3, CD4, and within the next few years, meaning he and other immunologist will be 


CDS8. Using a special kind of flow cytom- able to tease apart immune cell responses with ever more sophistication 
eter called a cell sorter, researchers can Yet researchers using other fluorescence techniques are not being left out 
even isolate and expand cell populations of in the cold: new hardware and reagents are enabling higher levels of multi- 


interest. The problem was, when Roederer plexing and greater sensitivity for a range of biological applications. 


enough usable fluorescent colors available Brilliant New Dyes 


to sift through the dizzying complexity of — To squeeze more colors from his already strained BD Biosciences LSRII, 


began his postdoc, there simply were not 


the human immune system. Roederer is going to need some new fluorophores. Enter Brilliant Violet 
ust 2012). 


Unlike quantum dots, which are nanoparticles, and small molecule 


dyes from Sirigen (acquired by BD Biosciences in Au 
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O organic dyes like Life Technologies’ Alexa Fluors, Sit 


en's fluorophores 


are actually light-harvesting polymers. They rely on the same electri- 


The Microbiome—May 10 


cally conductive polymer chemistry that was recognized with the 2000 


Proteomics: MALDI Imaging—May 31 Nobel Prize in Chemistry, and are used either directly or as “tandems,” in 
Data Management: Cloud-Based—June 14 which the polymer non-radiatively passes its energy to another dye that 
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shifts its emission further into the red. In this case, the company has over 


220 www.sciencemag.org/products 


CREDIT: EREMIN SERGEY/SHUTTERSTOCK.COM 


the past year and a half developed 
and released a series of seven vio- 
let laser (407 nm)-excitable fluo- 
rophores, called Brilliant Violet 
dyes, which emit at wavelengths 
from 421 nm through 785 nm. 

According to Robert Balderas, 
vice president of biological sci- 
ences at BD Biosciences, the Si- 
rigen dyes possess many of the 
qualities one would want in a 
good fluorophore. They are pho- 
tostable and resist quenching, 
and most importantly, are excep- 
tionally bright, up to 10-times 
brighter than _ phycoerythrin 
(PE), which is one of the brightest dyes available. And that’s important 
because in flow cytometry especially, the trick is coupling dye brightness 
with target abundance. To label an abundant protein, researchers can use a 
relatively dim dye, as the sheer number of fluorophores on any given cell 
will overcome the weak signal. For rare proteins, though, bright dyes are 
best, and until recently only a few were available. Now, says, Roederer, 
there is at least one more, Brilliant Violet 421; other dyes in the series are 
almost equally as strong. 

“The Sirigen dyes are really remarkable,” says Roederer, who had thought 
with QDots that he had maxed out fluorescence multiplexing with 18 
channels. Now he is slowly rotating the Sirigen dyes into his cytometry 
panels in lieu of QDots, producing panels that are no more complex than 
before, but that are far brighter and thus more sensitive. “So while our 
ability to multiplex hasn’t increased with the new dyes, our sensitivity and 
ability to make precise measurements has increased in a way that I haven’t 
seen in 20 years,” he says. 

Development of new colors, though—for instance, polymers that excite 
in the ultraviolet or far in the red ends of the spectrum—will increase 
Roederer’s multiplexing ability even more. “I am optimistic in the next 
five years we could do 25 or even 30 color measurements, which is really 
fantastic.” 

According to Balderas, Sirigen is already hard at work making that ex- 
pansion happen. And that could significantly alter the flow cytometry mar- 
ket, he says, by allowing the development of multiple colors off individual 
lasers, while at the same time pushing the envelope on higher-end instru- 
mentation. “If we could build multiple dyes off multiple lasers, imagine 
what we could do with an instrument that has five lasers.” 


Bead-Based Megaplexing 
Another application for fluorescence multiplexing is analyte quantitation. 
And no such tool is quite so popular as Luminex’s xMAP beads. 

xMAP beads enable a kind of highly multiplexed, solution-based ELISA. 
Where an ELISA measures single analytes individually in each well of a 
microtiter plate, xMAP technology uses fluorescently coded beads to, in 
essence, pool multiple wells into one and distinguish them optically. 

Key to that process are xMAP beads, micrometer-sized polystyrene 
spheres loaded with varying amounts of two or three fluorescent dyes. 
The precise amounts of each dye serves as a kind of fluorescent finger- 
print for the beads, and Luminex currently supports as many as 500 such 
fingerprints. 
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In an xMAP assay, each fin- 
gerprint is associated with a 
specific biomarker. For in- 
stance, a panel for assaying im- 
mune cell responses in blood 
sera might have one fingerprint 
associated with an antibody to 
IL-2, a second for IL-4, and so 
on. (A separate set of Luminex 
beads, called xTAG beads, en- 
able nucleic acid-based assays.) 
Beads corresponding to the 
different analytes to be tested 
are mixed in a single well of a 
microtiter plate and incubated 
with the biological sample. The 
antibodies capture their specific targets. Then, after washing, a mixture of 
is added, after which the reac- 


fluorescently tagged secondary antibodies 


tion is read. 

In the traditional Luminex workflow, the beads are read on a dedicated 
instrument, essentially a flow cytometer, that uses lasers to interrogate 
each bead one by one, first to read its fingerprint—that is, identify the 
analyte being measured—and then the abundance of antigen it bound. 
In 2010, however, the company released a new instrument, the MAG- 
PIX, for labs looking for a smaller, less-expensive, and less-multiplexed 
alternative. 


The Luminex MAGPIX is a fluorescence imager that uses paramagnetic 
microspheres (hence the name) and holds them in place on a solid sub- 
strate with a magnet to create a fixed, albeit temporary, solid-phase bead 
array. (The magnetic beads also simplify sample processing and improve 
s 


bead recovery, says Jehangir Mistry, head of multiplex and immunoas: 
at EMD Millipore, which markets MILLIPLEX-branded xMAP assays.) 
The instrument then excites that array with LEDs and captures the result- 
ing fluorescence on a CCD camera. 

Unlike the Luminex 200 (which can distinguish up to 100 different bead 
types) and the FLEXMAP 3D (which can recognize 500), the MAGPIX 
is limited to 50 different bead fingerprints, says Matthew Grow, direc- 
tor of marketing at Luminex. But that’s more than enough for most as- 
says, he notes. In fact, the MAGPIX (along with the Luminex 200) is ap- 
proved for use in both Canada and Europe with the company’s 15-patho- 
gen xTAG Gastrointestinal Pathogen Panel. EMD Millipore’s largest 
panel, says Mistry, is a 42-plex human cytokine and chemokine panel. 
(Most Luminex assays are actually created and sold by its partners, in- 
cluding EMD Millipore, Bio-Rad Laboratories, R&D Systems, and more 
than a dozen others. The company recently launched an iPhone ap- 
plication, xMAP Kit Finder, to help researchers identify kits targeting 


specific biomarkers.) 


Bioassays On A View-Master 

Quanterix Corporation, a Boston-based firm founded in 2007, has taken 
an approach not all that different from the MAGPIX to effect highly sensi- 
tive multiplexed analyte detection. 

Quanterix was founded by Tufts University professor Da- 
vid Walt, who also co-founded Ilumina, and that corporate heri- 
tage is evident in Quanterix’s single-molecule array (Simoa) 
technology. continued> 
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Before it became known as a se- 
quencing firm, Illumina developed 
a bead-based microarray called the 
BeadArray, which blends the bead- 
based approac h of Luminex with AuraSense 
planar microarray detection. Simi- aurasense.com 


larly, Simoa assays are carried out ere 
. . BD Biosciences 


on small “Simoa Discs,” which look A 
www.bdbiosciences.com 


like high-tech reboots of the View- 
Master reels so popular in the 1960s 
and 1970s, Each disc holds 24 ar- 
rays of 216,000 holes on its periph- 


EMD Millipore 
www.millipore.com 


Life Technologies 


ory www.lifetechnologies.com 


with each array corresponding 


to one well of a microtiter plate 


Luminex 
www.luminexcorp.com 


The holes are just large enough 


to hold the 3 wm beads Quan 
terix uses for its antigen-capture 
assays. 

As with xMAP, each bead is fluo: 
rescently fingerprinted with one of 
four dyes, and each has a unique cap: 
ture antibody on its surface. After in 
cubation with the sample and wash 
ing, those beads are incubated with 
secondary antibodies and then la 
beled with an enzyme. They are then 
flowed onto the Simoa Disc, where 
the beads are captured in wells and 
then sealed. That step, explains Da 
vid Duffy, the company’s vice presi 
dent for research, makes the Quanterix system exceptionally sensitive, as 
the enzyme converts a dark substrate to a fluorescent one in a femtoli- 


ter-sized volume, rather than allowing the fluorophores to diffuse into a 


io 


larger space. 


“You go from needing millions of enzymes to a single enzyme gener- 


g 
ating about 3,000 fluors, and you can detect a single protein molecule,” 
Duffy says 

Dufly claims the Quanterix system (called the Simoa HD-1 Analyzer) 
can detect as little as 0.02 pg/mL of signaling molecules like TNF-alpha, 
which is one-to-two orders of magnitude better than comparable Lu- 
minex assays. The system, which is set to launch in July 2013, can theo- 
retically multiplex up to 12 different analytes. But in practice, he says, 
the company will focus on panels of five or so targets to speed assay de- 
velopment and minimize antibody cross-reactivity. Initial panels will 
target applications such as oncology, neurology, and inflammatory and 


infectious diseases. 


Quantifying RNA In Vivo 

Another new development in fluorescent multiplexing comes from 
Chad Mirkin’s lab at Northwestern University. Called Nanoflares 
by Mirkin and commercialized by AuraSense and EMD Millipore 


(which calls them SmartFlare RNA Detection Probes), the technolc 


enables researchers to quantify RNA as in an RT-PCR assay, but within 
living cells. 
Nanoflares are 13 nm gold particles coated with 20-base oligonucleotides 


complementary to the RNA of interest—a structure Mirkin calls a 


Featured Participants 


Produced by the Science/AAAS Custom Publishing Office 


“spherical nucleic acid.” A second, 
shorter oligonucleotide is bound to 
the targeting oligo and end-labeled 
with a 


fluorophore. Initially 


National Institute of Allergy that fluor is dark, as gold is an 
and Infectious Diseases 


extremely efficient fluorescence 
www.niaid.nih.gov 


quencher, When these constructs 


Norinwesters University encounter a complementary RNA, 


WAKAW RGHIFANESIGIA COU however, a short “flare” is released, 


producing a fluorescent signal. 
Mirkin, 


beauty of spherical nucleic acids 


Quanterix 
www.quanteri 


According the 


to 


(which his team first developed 
some 16 years ago) is that they 
are naturally and rapidly taken 
up by cells via scavenger recep 
tors, so no transfection agents 
are required. When coupled with 
the Nanoflare design, this prop- 
erty allows researchers to quantify 
RNAs in living cells, apparently 
without toxicity. 

“One of the real wins in nanosci 
ence has been the discovery that if 
you take what I think is arguably 
the world’s most important mol 
ecule ever synthesized, DNA, and 
you arrange it in a highly oriented 
spherical form, you get properties 
that are radically different, and one 


of those is the ability to enter cells,” he says. 


Mirkin's team published a duplex version of the —Nano- 
flare approach in early 2012, using one color channel to quan 


tify an RNA of interest and the second to measure a housekeep- 
ing control, Up to three or four color multiplexing is possible, 
he says. 

According to David Giljohann, chief operating officer and prin 
cipal scientist at AuraSense, Nanoflares can be used as an alterna- 
tive (albeit a less sensitive and quantitative one) to RT-PCR, for in- 
stance, to monitor transgene expression or siRNA efficacy. Just add 


the fla 


res to a dish of cells, wait 12 to 16 hours, and measure the re- 
EMD Millipore already has over 100 


SmartFlare detection probes available, Mistry says, and more are 


sults using flow cytometry 


coming. 


For cell biologists testing the efficacy of short regulatory RNAs or mea- 
suring transgene efficacy, such tools could prove to bea godsend, espe- 
cially as positive cells can be isolated and put back into culture using cell 
sorting, That could even benefit immunologists like Roederer, who could, 
for instance, use the approach to compare immune responses in RNAi- 
treated and untreated cells. 


It truly is a bright time for fluorescence multiplexing. 


Jeffrey M. Perkel is a freelance science writer based in Pocatello, Idaho. 


DOI: 10.1126/science.opms.p1300074 
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green epi lighting. 


Syngene 


LUMINEX ASSAY ANALYSIS SOFTWARE 

Milliplex Analyst 5.1 is designed for analysis and interpretation of Lu- 
minex bead-based assay results. The newly released software includes 
unique features such as autofit and potency calculation and offers superior 
quality of data reduction analytics compared with other Luminex software 
packages. Superior algorithms yield better data at the low- and high-end 
of the standard curve. The autofit feature saves time by automatically using 


the best curve fit method for the curve presented. The potency calcula- 
tion feature compares two or more standard curves, giving researchers a 
choice when reducing their data. Data acquisition and analysis integrates 
seamlessly with all Luminex instruments. Milliplex Analyst 5.1 is accessed 
using a code flash drive making it possible to use the software on multiple 
systems. More user-friendly plate setup means there are no limitations to 
where the standard curve can be put on the plate. Other software requires 
the standard curve to be placed vertically in the first column. 

EMD Millipore 

For info: 800-645-5476 | www.millipore.com 


CONFOCAL IMAGING 

The new FluoView FV1200 confocal laser scanning microscope is opti- 
mized for live cell imaging. The new system uniquely combines the ac- 
curacy of the newly engineered [X83 frame with enhanced fluorescence 
sensitivity and simultaneous laser stimulation of cells, making it ideal for 
advanced life science applications such as FRAP, FLIP, and photo-activa- 
tion. In particular, the new highly reflective, silver-coated galvanometer 
scanning mirrors and dual channel GaAsP FluoView PMT module both 
act to maximize light transfer and detection. This allows for reduced laser 
power, protecting against the effects of photobleaching and phototoxicity. 


The generation of insightful confocal imaging data from living cells de- 
pends on optimally balancing laser power and sensitivity to minimize the 
effects of phototoxicity and photobleaching. To meet this challenge, the 
FV1200 is designed to maximize sensitivity via a new dual channel GaAsP 
FluoView high-sensitivity PMT module, which delivers up to 45% quan- 
tum efficiency. 

Olympus 

For info: +49-40-23773-5913 | www.microscopy.olympus.eu 


www.sciencemag.org/products 


The new PXi Touch range of high-resolution, multi-application image analysis systems is ideal 
for scientists wanting a rapid touchscreen driven method of accurately imaging chemilumi- 
nescent and fluorescent blots, as well as 1-D and 2-D gels stained with any type of visible or 
fluorescent dye. Each PXi Touch features a camera with a large fixed aperture lens, which 
enables scientists to quickly capture images without having to adjust the camera’s settings. The 
PXi Touch is available in three versions with a high-resolution four, six, or eight megapixel 
camera for chemiluminescence and 1-D and 2-D gel applications. To enable researchers to 
choose the best and safest lighting for their fluorescent gel and blot applications, the PXi Touch 
fits a number of lighting and filter options, making the system versatile enough to use with 
Syngene’s ultraviolet and blue light transilluminators as well as white, infrared, red, blue, or 


For info: +44-(0)-1223-727123 | www.syngene.com/pxi-pxi-touch 


USB FLUORESCENCE CAMERA 

The ultrasensitive SPOT Pursuit USB digital camera combines superb im- 
age quality with excellent temporal resolution for rapid time-lapse record- 
ings, allowing researchers to document live cells and photobleaching fluo- 
rescence specimens with ease. The camera is equipped with a high quantum 
efficiency CCD sensor and Peltier cooling, which makes it a suitable solu- 
tion for a range of applications, from simple fluorescence documentation 
to the demanding process of live cell imaging and ratiometric experiments. 
The SPOT Pursuit USB live cell imaging camera achieves high-speed ac- 
quisition rates of 11 frames per second at full resolution without sacrific- 
ing read noise. New images can be captured while the previous image is 
still being read out. The user-friendly SPOT software included with the 
camera is compatible with both Windows and Mac. Data is transferred to 
the computer via the USB 2.0 interface, making it a snap to get up and 
running quickly. 

SPOT Imaging Solutions 

For info: 586-731-6000 | www.spotimaging.com/camPRUSB.html 


CYANINE DYES 

A new range of high-quality cyanine dye products support the demand for 
fluorescent labeling in biological imaging and molecular diagnostics. In ad- 
dition to a new range of 3’-CPG solid supports modified with Cyanine 540 
and Cyanine 650, Link Technologies now also manufactures and supplies 
the commonly used phosphoramidites, allowing researchers to source an 
extended range of cyanine reagents. Until now, 3’-cyanine modification 
of an oligonucleotide could only be done postsynthetically, normally to 
an amino-modified oligo, or by the use of a cyanine phosphoramidite onto 
a universal or modified support that will not interfere with the intended 
use of the oligo, With the innovative 3’-modified 1,000A CPG supports, 
cyanine dyes can be added directly to oligos of interest without additional 
modification steps. Used as fluorescent markers in oligonucleotide synthe- 
sis, dyes are central to numerous detection techniques, such as real-time 
polymerase chain reaction, fluorescence in situ hybridization, SERRS- 
based DNA detection assays, and FRET studies. 

Link Technologies 


For info: +44-(0)-1698-849911 | www.linktech.co.uk 
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DIRECTOR, BIOSCIENCES DIVISION 
ARGONNE NATIONAL LABORATORY 
CHICAGO, ILLINOIS 


Argonne National Laboratory seeks applications for the position of Director of the Biosciences (BIO) 
Division. Argonne, located about 25 miles southwest of Chicago, Illinois, is one of the U.S. Department 
of Energy’s largest national laboratories for scientific and engineering research. Argonne is managed by 
UChicago Argonne, LLC, for the U.S. Department of Energy’s Office of Science. Argonne applies a unique 
mix of world-class science, engineering, and user facilities to deliver innovative research and technologies 
that address the grand challenges of our time: plentiful and safe energy, a healthy environment, economic 
competitiveness, and a secure nation. 


The mission of the BIO Division is to use state-of-the-art technology to conduct multidisciplinary basic 
and applied research that will increase our understanding of the fundamental molecular mechanisms of 
life, with the goal of enabling important advances in energy production and sustainability, environmental 
protection and remediation, and human health and welfare. Program areas include structural, computational, 
environmental, and molecular and systems biology. 


The BIO Division Director will lead world-class basic and applied research integrating ‘multi-omics’ with 
microbial and ecosystem science through pursuit of innovative scientific directions; foster collaborative 
partnerships with national and international researchers from national laboratories, academia, and industry 
for the advancement of scientific discovery; manage the division’s scientific staff of ~100 members, while 
promoting innovative research yielding significant scientific contributions and publications; anticipate trends 
in and needs for biological research in order to develop relevant and effective program strategies; maintain 
an active role in R&D activities within his/her area of expertise, including publishing scholarly papers in 
scientific journals and participating in conferences and workshops. 

The successful candidate will have a Ph.D. in a relevant discipline; 10+ years of experience in systems 
biology, synthetic biology, environmental microbiology, or plant biology; a proven record of creating, 
developing and sustaining research programs with experience in attracting and shaping funding for complex 
multidisciplinary research operations; and demonstrated leadership abilities. For the appropriate candidate a 
joint appointment with University of Chicago, Northwestern University, or University of Illinois at Chicago 
may be possible. For more information about the Biosciences Division or this position please visit our website 
at http://www.bio.anl.gov/ or contact search committee chair Dr. Robin L. Graham at glocasto@anl.gov. 
To apply for the position, please submit your CV, including references, and a cover letter describing your 
research interests and leadership capabilities to: http://l.usa.gov/XhgiGp 
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Faculty Openings in EPP at CMU 


The Department of Engineering and Public 
Policy at Carnegie Mellon seeks the following 
faculty candidates: 

+ Abchavioral decision scientist committed 
to collaborative research with engineers on 
energy, environment, telecommunications, 
and technological innovation. 

Someone with a strong technical 
background and knowledge of the relevant 
literatures to address problems in the 
management of technical innovation and 
R&D policy from “inside the black box” in 
energy, manufacturing, or other technical 
areas. 

A senior PhD economist with a technical 
background to work on problems in 
technology and policy and occupy the 
Lester B. Lave chair between EPP and 
the Tepper School of Business. 

An EE or CS PhD to address both the 
technical and policy aspects of computer 
or network security. 


See www.epp.cmu.edu, 


Send resume, references, and 2-3 sample 
publications to Adam Loucks (aloucks@ 
andrew.cmu.edu). 


From the journal Science AVAAAS 
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Opening Industry-Academic 


Partnerships 


Research and development today is about networking, sharing, and partnering. 
Collaborations between industry and academia are promoted by open innova- 
tion programs, which have become a near-universal model for R&D, Pharma- 
ceutical and biotechnology companies offer university researchers access to 
resources and funding. Academic scientists bring in-depth expertise and basic 
research data to the table. Open innovation has exploded into megapartnerships 
of academia, industry, government agencies, and private organizations. These 
consortia have the potential to solve major medical and public health issues, 
if they can set terms and goals that reward all parties. By Chris Tachibana 


line between industry and academic research began blurring in 

the late 20th century. Biotechnology companies such as Genen- 

tech in South San Francisco encouraged their scientists to pur- 
sue side projects and publish results. Universities started pushing tech- 
nology transfer and translating research into products. Today, partner- 
ships between corporations and academia are common, although success 
requires careful advance planning. 

Industry-academic collaborations are like partners skilled in different 
dances trying to reach a compromise between waltz and salsa, Rhythms, 
pace, and expected outcomes can be frustratingly at odds, as university 
researchers prioritize education and basic research and corporate scien- 
tists pursue products and profits. Success depends on finding common 
goals and negotiating plans that pay off financially and intellectually for all 
parties. 


Let's Start at the Very Beginning 
An entry-level option for academic and industry investigators who want 
to collaborate is co-advising a Ph.D. student. The Danish Ministry of Sci- 
ence, Innovation and Higher Education sponsors an Industrial Ph.D. pro- 
gram that, in its current form, has funded more than a thousand 
since 2002, most in health, natural sciences, and technology. The European 
Commission Marie Curie Actions has a similar initiative based on the Dan- 
ish program. 
Industrial Ph.D. projects highlight the difficulties of satisfying both aca- 
demic and business interests. Some professors say they appreciate the fund- 
ing and credit for graduating a Ph.D. student, but are challenged to find 
projects that advance their research while meeting an industry need. For 
students, however, working in industry while getting a university degree is 
a chance to experience both worlds. 
Julie Christina Grew has a Master’s degree in public health and is 
earning an industrial Ph.D. with the University of Copenhagen and the 


projects 


medical device company Medtronic, whose world headquarters is in 
Minneapolis, Minnesota. Grew’s project is an anthropological analysis of 


Government 
Agencies 


Private 
Organizations 


patients with devices similar to pacemakers 
that monitor heart rhythm, She hopes her 
research will launch a career in patient- 
oriented work for a pharmaceutical or 
medical device company. Grew appreciates 
the networking opportunities that come 
with her training, “It’s a chance to get into 
industry and see what it is like to take 
something from an idea to real life, to make 
things better for patients with chronic 
diseases,” she says. 

At Medtronic Denmark, Elisabeth Re- 
imer Rasmussen’s expertise in health 
economics, policy, and public affairs made 
her a natural fit to be Grew’s industry con- 
tact. Although the company was not seek- 
ing to host a Ph.D, student with an anthro- 
pologist’s outlook, Rasmussen says Grew’s 
fresh perspective has already changed 
thinking about patient satisfaction. And 
corporations know, says Rasmussen, “If you 
want to stay ahead, you have to see things 
in different ways.” 


Make Connections 

Industry and academic scientists whose 
careers are already under way can connect 
through initiatives from companies, gov- 
ernments, and private organizations. In- 
dustry Fellowships from the Royal Society, 
the United Kingdom's national academy 
of science, support open-ended industry- 
academic collaborations. “The guiding 
principles of the fellowship are pure, ex- 
cellent science,” says Joe Sweeney, pro- 
fessor of catalysis and chemical biology, 
University of Huddersfield, West Yorkshire, 
England. Sweeney has a fellowship to work 
with AstraZeneca, which has its corporate 
headquarters in London and its research 
headquarters in Sédertilje, Sweden, and 
he is helping to increase continued> 
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“If you want to stay 
ahead, you have 
to see things in 
different ways.” 


—Elisabeth Reimer 
Rasmussen 
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“Up front, everyone 
must appreciate 
that funding strictly 
depends on meeting 
timelines, so goals 
and expectations 
must be aligned, with 
everyone on the same 
page about priorities, 
specific aims, and go/ 
no-go decisions.” 
—Anthony Coyle 


networking and knowledge-sharing among the program’s participants. The 
business exposure is a benefit, he says: “My own university research has 
improved through what I've learned from industry practices about man- 
agement, engagement with funding agencies, and identifying translational 
opportunities.” 

On the industry side, Lilly, headquartered in Indianapolis, Indiana, has a 
program that encourages scientists at the pharmaceutical company to col- 
laborate with university researchers. The Lilly Research Awards Program 
(LRAP) funds precompetitive research proposals developed jointly by Lilly 
and university scientists. James Stevens, a Lilly distinguished research 


fellow, says the goals are fostering innovation and cultivating professional 
relationships. “LRAP allows our scientists to pursue lifelong learning,” he 
says. “But we also expect returns on investment in innovation and in the 
development of our scientists.” LRAP allows Lilly scientists to work with 
academic researchers on high-risk projects. Experiments are conducted at 
the academic laboratory, and Lilly scientists contribute data analysis, proj- 


ect planning, and other virtual activities. 


Open Wide 

Also virtual, but more directly targeted to Lilly interests is the Open In- 
novation Drug Discovery initiatives. Alan Palkowitz, Lilly vice president 
of discovery chemistry and technologies, says open innovation programs 
born of the realization, especially by pharmaceutical companies, that 
can’t do it alone; our current challenges are too big and complex.” 


The program is a global, crowdsourced drug candidate search. Scien- 
tists working on molecules with therapeutic potential in specific areas such 
as anti-angiogenesis send them to Lilly. Company scientists perform high 
throughput assays and screens and send data to the scientists. “Access to 
external compounds in exchange for biological data—that’s the currency 
we have developed,” says Palkowitz. “We evaluate the commercial potential 
of compounds to be optimized into drug candidates. In exchange for the 
data, Lilly gets first right of access for promising compounds.” 

Cultivating long-term relationships is a goal. Palkowitz describes the ac- 
ademic partners as customers as well as collaborators and says Lilly wants 
the scientists to return to the program as they find new drug candidates. 
Lilly crafts agreements that ensure confidentiality about the scientists’ 
compounds, offer mutually beneficial intellectual property rights, and al- 
low publication of the data. Says Palkowitz, “This program will live and die 


based on the experiences the scientists have, so we put effort into serving 
their interests, first and foremost.” 

While the Lilly model is virtual, Pfizer is investing in an open innovation 
model based on face-to-face, side-by-side collaborations. The company, 
which has corporate headquarters in New York, deployed 90 of their own 
scientists to Centers for Therapeutic Innovations (CTIs) at three U.S. loca- 
tions so far: San Francisco/San Diego, New York, and Boston. The CTIs 
have Pfizer laboratory space near academic medical research centers and 
five-year collaboration agreements with universities. 

CTI projects—currently, about 20 are in progress——begin with academ- 
ic scientists proposing research on protein-based drugs, such as therapeu- 
tic antibodies. Accepted proposals, evaluated by a joint industry-academic 
committee, receive staff funding, supplies, and access to company resourc- 
es such as antibody libraries and instruments. Pfizer and academic scien- 
tists do the research, directed by Pfizer project managers. The endpoint is 
a proof-of-mechanism clinical trial, after which Pfizer has the first option 
to develop the potential therapy. Collaboration barriers such as material 
transfer agreements are removed in advance. Intellectual property ar- 
rangements recognize academic interests: at project completion, if Pfizer 
is not interested, rights to the candidate therapy revert to the university for 
further study or development. 

Stuart A. Aaronson, chair of oncological sciences, Icahn School of 
Medicine at Mount Sinai in New York City, and Gadi Bornstein, Pfizer 
associate research fellow, are collaborators at the New York-based CTI. 
Their project is developing therapeutic antibodies against an oncogenic 
target. “It’s been a good experience,” says Aaronson. “We feel like we're 
moving together to a common goal, and we've had consensus so far on 
what’s important to pursue.” Although they have clear deadlines and deliv- 
erables, the academic scientists have not felt limited, says Aaronson. “Ev- 
eryone appreciates that learning more about the target is helpful to the 
whole project.” Success depends on this mutual vision and contribution, 
says Bornstein, “The academic scientists have the biological experience 
with the target system, and Pfizer has the drug discovery expertise.” 

CTI project 


ects. The mechanism “doesn’t work for everybody in academia and is not 


s have hard deadlines, and they are not basic research proj- 


a replacement for NIH grants,” says Anthony Coyle, Pfizer chief scien- 
tific officer, adding that “total transparency” is crucial. “Up front, every- 
one must appreciate that funding strictly depends on meeting timelines, 
so goals and expectations must be aligned, with everyone on the same page 
about priorities, specific aims, and go/no-go decisions. But we work as a 
team to achieve pre-agreed steps.” In the next year or so, Coyle expects the 
first clinical trials from CTIs to start, with three to five candidate proteins 
identified for trials each year, starting in 2013. 


Get Everyone Into the Act 

Open innovation is now a megamodel, underlying partnerships of compa- 
nies, universities, government agencies, and philanthropic organizations. 
The Innovative Medicines Initiative (IMI) is a public-private endeavor 
based in Belgium with a €2 billion (approximately US$2.6 billion) bud- 
get. Funding comes from the European Commission (EC) and in-kind 
contributions such as research activities from members of the European 
Federation of Pharmaceutical Industries and Associations (EFPIA). Gov- 
erned by EFPIA and EC representatives and guided by scientific advisors 
and European Union member state representatives, the IMI is accelerating 
new medicine development. Michel Goldman, executive director, says 
that the IMI was founded in 2008 because European investment in drug 
development was declining, with severe economic effects: “To the EC and 
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EFPIA, it was clear that the only way to restore European competitiveness 


in drug development was through collaboration.” 

The IMI funds multinational consortia of companies, universities, hos- 
pitals, small businesses, regulatory agencies, and patient organizations. 
Projects address areas ranging from diabetes to schizophrenia. From the 
perspective of managing one of the world’s largest private-public partner- 
ships, Goldman says that teamwork among diverse entities can happen “if 
all parties agree to work toward common objectives, and if each partner 
is given a clear mission and is carefully evaluated to make sure they are 
adding value.” 

The IMI acts as a trusted neutral party that brings businesses, univer- 
sities, and government agencies together. By cooperating, these diverse 
entities can take on challenges that are important to all partners, but ne- 
glected because they are high risk or have low profit potential, such as 
developing new antibiotics. Goldman says the IMI also provides a platform 
for agencies such as the U.S. Food and Drug Administration and the Euro- 
pean Medicines Agency to discuss novel regulatory approaches to getting 
drugs to patients quickly while ensuring safety and efficacy. As part of the 
IMI’s educational mission, it has five programs for training in regulatory 
science, including programs in pharmacovigilance and new approaches 
to toxicology. 

GlaxoSmithKline, headquartered in London, is participating in IMI 
antibiotic initiatives. Andreas Heddini is a medical advisor with the 
company, and confirms the importance of the IMI in bringing together 
parties whose interests don’t always align. The IMI is crucial for advancing 
antibiotic development, says Heddini. “This is a critical area for infectious 


dise: 


se, but it has been neglected for decades. The initiative is great 
because it has three components: it leads to an increased understanding of 
resistance mechanisms, brings new candidate drugs forward, and provides 
a way to share data, including about what does not work.” 

Data and knowledge-sharing are also essential to the TB Drug Accelera- 
tor program. This tuberculosis initiative is just one of many programs sup- 
ported by the Bill & Melinda Gates Foundation, a philanthropic organiza- 
tion based in Seattle that invests in global health. The TB Drug Accelera- 
tor 
institutions, and seven pharmaceutical companies. The Wellcome Trust, a 
charitable organization based in London, is also a contributor. 


partners include the U.S. National Institutes of Health, six research 


A major challenge to fighting tuberculosis is the six-month treatment 
regimen, says Ken Duncan, Gates Foundation deputy director of Global 
Health Discovery. The TB Drug Accelerator program is seeking medicines 
that shorten the therapy to a month or less. Companies in the partner- 
ship supply compound libraries and drug discovery expertise to the effort, 


while academic partners contribute knowledge about the disease and fa- 
cilities for screens and assays. The Foundation, says Duncan, provides finan- 
cial support and project coordination, setting timelines and milestones and 
monitoring progress. “Our most important function,” he says, “is integra- 
tion—bringing everybody together.” 

Duncan, who spent 16 years at GlaxoSmithKline working on diseases of 
the developing world, says companies in the TB Drug Accelerator program 
have an unusually open agreement. This includes sharing drug candidate 
structures and positive and negative results. The consortium will put data 
in the public domain as quickly as possible, to help prevent research re- 
dundancy. While the commercial potential might not be immediate, Dun- 
can says the collaboration could yield concrete rewards for the companies, 
such as new R&D avenues from identification of novel drug targets. In 
addition, he says, “the scientists get to apply their energy and expertise to 
help solve a medical problem and have an impact on global health.” 


www.scienceca reers.org 


Featured Participants 


Bill & Melinda Gates 
Foundation 
www.gatesfoundation.org 


GlaxoSmithKline 
www.gsk.com 


University of Huddersfield 
www.hud.ac.uk 


WellPoint 
www.wellpoint.com 


Icahn School of Medicine at Additional Resources 


Mt. Sinai 


www.mssm.edu Danish Industrial PhD 


Program 


Innovative Medicines scim.ag/Z3JINU 


Initiative (IMI) 

www.imi.europa.eu Marie Curie Initial Training 
Networks 

lilly scim.ag/Y2Mxmw 

www.lilly.com. 

Medtronic Royal Society Industry 


Fellowships 


www.medtronic.com scim.ag/WujWao 


Pfizer 
www.pfizer.com 


University of Copenhagen 
www.ku.dk/english 


Where We Go From Here 

Patients and patient advocacy groups are 
now joining private-public partnerships as 
advisors, connections to trial participants, 
and conduits for results. Potential users of 
new therapies can provide valuable insights 
during development. Patients can also help 
companies and regulatory agencies explain 
their products and policies to the general 


public. 


“To the EC and 


EFPIA, it was clear 


Collaborations among industry, aca- 


demia, foundations, governments, and 


end users are becoming more common. 
The result is a dynamic R&D environment that the only way 
that fits the networked, integrated, and in- 
terdisciplinary way people live and work 
today. Driving open innovation is tight 
budgets all around. “Everybody is under 
pressure—academia, pharmaceutical com- 


to restore European 
competitiveness in 
drug development 


was through 
panies—it encourages collaborating effec- 


tively,” says Mt. Sinai’s Aaronson. collaboration.” 
Regardless of partners, collaborative suc- | —Michel Goldman 
cess rests on three principles: a mutual inter- 

est in a common, achievable goal; constant communication about expecta- 
tions, timelines, and rewards; and transparency throughout the project. Joe 
Sweeney says, “In my experience, almost all roadblocks to collaboration 
have not been the project but problems with human interactions—a lack of 
understanding about requirements. It’s important to have conversations in 
which all partners explain what they need from the collaboration: funding, 
deliverables, publications, patents. A good industry-academic partnership 


is set up from the start as a win-win for all sides.” 


Chris Tachibana is a science writer based in Seattle, USA, and Copenhagen, Denmark. 
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¢ Northeast Ohio 


MEDICAL UNIVERSITY 


Endowed Chair in Microbiology and Immunology 


The Department of Integrative Medical Sciences at the Northeast Ohio 
Medical University (NEOMED) invites applications to fill the newly created 
Watanakunakorn Chair in Microbiology and Immunology. We are especially 
interested in applicants whose research programs will complement existing 
departmental strengths in cardiovascular disease, regenerative medicine, 
lipid metabolism, liver biology, inflammation and viral pathogenesis as 
well as enhance and expand existing ties with NEOMED'’s clinical partners 
in Northeast Ohio. Applicants will be expected to have an internationally 
recognized research program in basic, translational or clinical microbiology/ 
immunology/inflammation/infectious disease research; a history of sustained 
extramural funding; and a commitment to academic excellence in medical and 
graduate education. Position requirements include a Doctorate (PhD, MD, 
DVM, or equivalent), a successful history as Principal Investigator of federal 
research grants, and Associate or Professor level qualifications at an academic 
medical institution or equivalent. This position will provide the successful 
candidate with significant laboratory space and research resources, and the 
opportunity to grow their research at NEOMED through the recruitment of 
additional junior faculty. 

Qualified Candidates should send their CVs along with the names of three 
references to: Dr. William P. Lynch, Search Committee Chair, c/o Ms. 
Karen J. Greene (kjg@neomed.edu). Applications will be reviewed 
beginning May 1, 2013 and continue until a suitable candidate is recruited. 
NEOMED is a thriving freestanding Community-based Medical University 
committed to excellence in medical education, research, and community 
outreach, The institution is currently in an active growth phase, which includes 
new state of the art research facil and expansion of the comparative 
medicine unit. Uniquely, NEOMED is located in a semi-rural setting with 
ready access to outstanding urban, suburban and rural cultural, community and 
recreational activities, along with a very low cost of living index, maximizing 
quality of life issues. 

NEOMED encourages and welcomes diversity in the workplace and is an 
Equal Opportunity Employer. 


— 


The University of Texas 
Health Science Center at Houston 


Medical School 


PROFESSOR AND VICE-CHAIR FOR RESEARCH 


The University of Texas Medical School at Houston is seeking appli- 
cations and nominations for the position of Professor and Vice-Chair 
for research of the Department of Orthopedic Surgery. The successful 
candidate will be an internationally recognized, outstanding scientist 
with demonstrated success in research, teaching, graduate training and 
service to the academic community. The Department of Orthopedic 
Surgery (http://www.uth.tme.edu/ortho/) is one of 24 Departments 
and 23 Centers in the Medical School, which has $157 million in 
research expenditures. The Department has a major clinical program 
and research interests in sports medicine and trauma. The new Vice- 
Chair will work directly with the chairman, Dr. Walter Lowe, and will 
be provided with substantial resources to significantly grow the research 
effort of the department. The Search Committee is particularly interested 
in Investigators with research programs in regenerative medicine and/or 
materials science as they relate to orthopedics. The Medical School is 
located within the Texas Medical Center, which includes the UT Health 
Science Center at Houston, Baylor College of Medicine and UT M. D. 
Anderson Cancer Center. 


Qualified candidates can apply at http://jobs.uth.tme.edu for the 
Professor and Vice-Chair — Orthopedic Surgery position, Requisition 
#130855. 


UTHealth is committed to creating a diverse environment and is 
proud to be an Equal Opportunity Employer. 


=a 
GENERAL Bo") icipe 


DIRECTOR 


icipe is an international research centre working on improving the 
livelihoods of people in the tropics through appropriate technological 
innovations. Headquartered in Nairobi, Kenya, icipe is mandated 
to develop eco-friendly pest and vector management technologies 
that are affordable to resource-limited rural and urban communities. 
icipe’s mandate further extends to the conservation and utilisation 
of the rich insect biodiversity found in the tropics. icipe is the only 
international institution in Africa working primarily on arthropods. 
Consequently, capacity building of individual researchers and 
institutions is an integral part of all R&D activities at the Centre, For 
more information visit www.icipe.org 


icipe is now seeking a dynamic Director General to provide 
leadership in all areas of icipe activity, including ensuring relevance 
to stakeholders and delivering highest quality scientific research and 
development (R&D) for solving complex problems according to the 
remit of icipe, as well as significantly increasing financial resources 
available to the R&D agenda. 


To find the full details for this challenging opportunity, please visit: 
www.icipe.org/index.php/jobs/701-dg.html 


Applications should be received at dg.applications@icipe.org 
before the 31st of May 2013. 


icipe is an equal opportunity employer and women are particularly encouraged to apply. 


DANA-FARBER 


CANCER INSTITUTE 


Research Fellow 
T Cell Receptor Biology 


A postdoctoral position is available immediately to participate in 
an exciting new area of T cell receptor (TCR) biology involving 
mechanotransduction, The successful candidate must have a PhD or 
equivalent and be highly motivated. He/she will work with a team of 
immunologists and structural biologists secking to explore the details 
of how mechanical force upon pMHC ligation signals from the TCR 
ectodomains through their transmembrane and cytoplasmic tails. The 
ideal candidate should have excellent skills in biochemistry, molecular 
biology and T cell functional studies including transfection of T cells, 
cell growth and functional analysis as well as flow cytometry. 


Research Fellow 
HIV-1 Development 


A postdoctoral position is available in the area of HIV vaccine 
immunology with the goal to modulate B cell selection and ultimately 
clicit high affinity, broadly neutralizing antibodies. The candidate 

will study the cellular and molecular mechanisms regulating B cell 
immune responses including B cell repertoire analysis and CD4 T cell 
requirements in a murine model. A strong scientific background with 
emphasis on B cell and molecular immunology is required. The successful 
candidate must have a PhD or equivalent and be highly motivated. 


Ifincerested, please send your CY, a brief summary of research experience 
and names of three referees to: Ellis Reinherz, MD, Professor o} 
Medicine, Harvard Medical School and the Department of Medical 
Oncology, Dana-Farber Cancer Institute, 77 Avenue Louis Pasteur, 
HIM 479, Boston, MA 02215; Email: ellis_reinherz@dfei.harvard.cdu. 


Dana-Farber Cancer Institute is an Affirmative Action/Equal Opportunity 
Employer — committed to diversity and inclusion in our workforce. 


Department of Health and Human Services 
National Institutes of Health 
National Heart, Lung and Blood Institute 
Division of Intramural Research 
Center for Human Immunology, Autoimmunity, and Inflammation 


CHIEF SCIENTIFIC OFFICER 


NIH CENTER FOR HUMAN IMMUNOLOGY 


The NIH Center for Human Immunology, Autoimmunity and Inflammation (CHI) is a trans-NIH initiative that studies the human immune system in health and 
disease using high-throughput multiplex assays and then develops novel insights into,immune system function and disease by analyzing the resulting dense data 
sets using advanced computational approaches. CHI utilizes an integrated team of scientists to implement this translational systems approach, including clinical, 
laboratory, and bioinformatics scientists. Projects are developed collaboratively and are chosen for implementation by consensus. 


CHI is seeking to recruit a Chief Scientific Officer. This individual will have supervisory roles at both the laboratory and larger project levels. At the research level, 

s/he will be oversee technical staff responsible for implementing and conducting antigen-specific T and B lymphocyte assays to complement our high-throughput 

such as microarrays, 15 color flow immunocyte phenotyping, multiplex analysis of serum cytokines and proteins, and SNP genotyping. At the project 

contribute human biologic and immunologic insight to the choice and design of CHI research efforts and through collaboration with members of the 

bioinformatics group, be responsible for providing ongoing biology-based guidance of the computational analysis and interpretation of data emerging from these 

's. These latter efforts will provide continuity of input to supplement that provided by the CHI leadership. The incumbent will thus have substantial respon- 
sibility for moving CHI projects forward and a significant voice in the future directions of CHI. 


The ideal candidate will have an M.D., D.O., Ph.D., or M.D./Ph.D. , and a strong record of accomplishment including publications in human immunology: labora- 
tory, clinical, and translational. The candidate must be an outstanding communicator and be a collaborative team player. Experience combining biologic studies. 
with computational analysis is highly desirable (e.g., hands-on experience with the application of bioinformatics approaches for drawing biological insights from 
large-scale data sets). 


How to Apply: Applicants may be U.S. Citizens, resident aliens, or non-resident aliens holding or eligible for a valid employment visa. Applications must be 
accepted until the position is filled. Please submit a curriculum vitae and brief statement of how your experience relates to the needed qualifications along with 
3 letters of reference to: Neal S. Young, M.D. Director CHI c/o Christen Sandoval Building 15F2 MSC 2664 NIH Bethesda MD 20892, or electronically to 
christen.sandoval@nih.gov. Additional information about CHI is available online at http://www.nhlbi.nih.gov/resources/chi/index.htm 


HHS and NIH are Equal Opportunity Employers. 


Department of Health and Human Services 
National Institutes of Health 
National Heart, Lung, and Blood Institute 
Division of Intramural Research } 
Center for Human Immunology, Autoimmunity, and Inflammation W 


STAFF SCIENTIST/BIOINFORMATICS ANALYSIS LEAD ss! HHS NOONE 


The NIH Center for Human Immunology, Autoimmunity and Inflammation (CHI) is a trans-NIH initiative that studies the human immune system in health and disease 
using high-throughput multiplex assays, and then integrating the dense data sets using advanced computational approaches to obtain biological insights. 


Wrens 


CHI is seeking to recruit an individual who will have responsibilities in the broad area of computational analysis of diverse data sets from high-throughput assays, 
such as microarrays, flow immunocyte phenotyping, multiplex analysis of serum cytokines and proteins as well as SNP genotyping. This position involves close col- 
laboration with multiple experimentalists and principal investigators to answer biological questions of interest by performing quality control and statistical analyses 
of the data, as well as analyses to integrate these data and other relevant information to interpret the resulting discoveries in the biological context. The Staff Scientist/ 
Bioinformatics Lead position is located in CHI’s Bioinformatics Laboratory, and involves supervision of a group of 2-3 who perform the more routine analyses for the 
CHI. To facilitate efficient data retrieval and data mining, the Bioinformatics Group also has responsibility to build databases and software infrastructure to load, store 
and organize the diverse data sets, associated metadata, and analysis results. The group also conducts cutting-edge bioinformatics and systems biology research, such 
as developing novel statistical methods for the analysis and integration of high-dimensional data sets to gain biological insight. Because the computing infrastructure 
of CHI is by necessity inhomogeneous, the incumbent will likely need to develop or work with custom hard- and software solutions to accomplish these various goals. 


The ideal candidate will have a Ph.D. in computational biology, bioinformatics, systems biology, or relevant disciplines and 3+ years of hands-on research experience 
with the analysis of high-throughput data sets. He/she should possess a sound knowledge of statistics and quantitative modeling and solid computer programming 
skills with proficiency in Matlab/R, SQL, and at least one scripting language (Perl/Python/Ruby); solid experience with databases design and construction. Proficiency 
in C/C++ and/or Java as well as experience with multiple OS platforms (Windows, MAC, Linux) are definite pluses as is experience or training in biological/medical 
science. The incumbent will be supervised by the CHI Associate Director/Head for Computational Systems Biology and work closely with this individual and the 
Chief Scientific Officer of the CHI in monitoring the day to day work of the computational staff, planning large scale data analyses, and conducting efforts for creative 
integration of the diverse and dense data arising from CHI investigations. 


How to Apply: Applicants may be U.S. Citizens, resident aliens, or non-resident aliens holding or eligible for a valid employment visa. Applications will be accepted 
until the position is filled. Please submit a curriculum vitae and brief statement of how your experience relates to the needed qualifications along with 3 letters of refer- 
ence to: Neal S. Young, M.D. Director CHI c/o Christen Sandoval Building 15F2 MSC 2664 NIH Bethesda MD 20892, or electronically to christen.sandoval@nih.gov. 
Additional information about CHI is available online at http://www.nhlbi.nih.gov/resources/chi/index.htm 


HHS and NIH are Equal Opportunity Employers. 


THE NIH IS DEDICATED TO BUILDING A DIVERSE COMMUNITY IN ITS TRAINING AND EMPLOYMENT PROGRAMS 


Science | Careers 


There’s only one 
DR. SHIRLEY MALCOM 


ale Dr. Shirley Malcom, born and raised in the segregated South more than 65 years ago, a career based 
on her studies in science seemed even less likely than the launch of the Soviet’s Sputnik. But with Sputnik’s 
success, the Space Race officially started and, in an instant, brought a laser-like focus to science education 
and ways to deliver a proper response. Not long after, Dr. Malcom entered the picture. 
Although black schools at the time received fewer dollars per student and did not have sufficient 
resources to maintain their labs at a level equivalent to the white schools, Dr. Malcom found her way to the 
University of Washington where she succeeded in obtaining a B.S. in spite of the difficulties of being an 
African American woman in the field of science. From there she went on to earn a Ph.D. in ecology from 
Penn State and held a faculty position at the University of North Carolina, Wilmington. 
Dr. Malcom has served at the AAAS in multiple capacities, and is presently Head of the Directorate for 
Education and Human Resources Programs. Nominated by President Clinton to the National Science Board, she 
also held a position on his Committee of Advisors on Science and Technology. She is currently a member of the 
Caltech Board of Trustees, a Regent of Morgan State University, and co-chair of the Gender Advisory Board of 
the UN Commission on Science and Technology for Development. She has held numerous other positions of . 
distinction and is the principal author of The Double Bind: The Price of Being a Minority Woman in Science. | Science. 
Of her active career in science, Dr. Malcom says, “I guess | have become a poster child for taking a 


one’s science background and using that in many other ways: we ask questions; we try to under- Q 
stand what we find; we consider what evidence we would need to confirm or refute hypotheses. X tes 
And that happens in whatever setting one finds oneself.” | is 


At Science we are here to help you in your own scientific career with expert career advice, 
forums, job postings, and more — all for free. Visit Science today at ScienceCareers.org. 


For your career in science, there’s only one | §cience MVAAAS 
ScienceCareers.org 


Career advice Jobpostings JobAlerts Career Forum Crafting resumes/CVs Preparing for interviews 


Science Signaling 


The American Association for the Advancement of Science seeks an Associate Editor to join the dynamic editorial team at Science Signaling, the leading 
weekly research journal and online knowledge environment devoted to cellular signal transduction from the publisher of Science. 


Do you prefer reading research and learning new areas of biology to working at the bench focused on a single protein, pathway, or disease? Have you used 
systems biology approaches to build or analyze cellular regulatory networks? Do you find that your interests lie beyond your current research project? If so, 
an editorial position at Science Signaling may be right for you. 


Science Signaling, the leading weekly research journal and online knowledge environment devoted to cellular signal transduction from the publisher of 
Science, has an open position is for a full-time Associate Editor to work in our Washington, DC, USA office. We are looking for a self-motivated scientist with 
broad interests in the biological sciences and experience with cutting-edge research related to signaling pathways and networks. The primary responsibilities 
include the selection of original research submissions, managing and updating the Database of Cell Signaling, as well as inviting and editing Perspectives 
and Reviews. Candidates should have broad knowledge of signaling pathways, have used systems biology approaches to study signaling networks, enjoy 
reading and learning new topics in biology, and be familiar with databases containing signaling-relevant information. 


Major duties and responsibilities: 
+ Manages the peer review and selection of primary research manuscripts on cell signaling and related systems biology 
+ Solicits invited content such as Reviews, Perspectives, and Protocols 
* Updates the Database of Cell Signaling 
* Discusses and makes recommendations regarding manuscripts and journal content with other editorial staff and advisors 
* Coordinates special issues 
+ Edits content and works with authors on revisions and preparation of manuscripts for publication 
+ Writes short summaries of published papers on a weekly basis 
+ Fosters contacts and communication with the scientific community through interactions with scientists and travel to scientific meetings 


Minimum qualifications: 
* Extensive university or college-level training leading to a Ph.D, in the biological sciences, with experience in cell signaling pathways and networks 
* Postdoctoral experience resulting in multiple publications in peer-reviewed journals 
+ Ability to work independently, as well as, constructively as a member of the editorial team 
+ Excellent written and verbal communication skills 
+ Previous editorial experience or experience in database curation is a plus 
Please visit our job information website http://www.aaas.org/careercenter/employmentataaas/ to get more information, and to apply to AAAS online. 


AAAS is an Equal Opportunity Employer. 


& 2 des Faculty Positions Available in 
(COE: & MEH RAG Beihang University, China 


Established in 1952, located in Haidian District, Beijing, Beihang University is one of the top research-oriented universities in China, 
focusing on fundamental cutting edge research and high-level education, covering such diverse fields as science, engineering, technology, 
humanities, economics, management and law. One of the first universities funded by China’s “211” and “985” programs, it has seven 
national key laboratories and twenty-five provincial and ministerial key laboratories. At present, the university has a total area of two 
million square meters, and over 3800 faculty and staff. 


Beihang University is on a clear path to become a world-class university in many engineering and science disciplines. As part of 
Beihang’s further pursuit for excellence in research and education, we have expanded our global search for the best research talent to 
join our International Research Institute for Multidisciplinary Science (IRIMS). Five independent international research centers (IRC) 
were established recently under the name of IRIMS. As the core part of IRIMS, IRCs are devoted to establish a world-class, advanced 
and multidisciplinary research platform. 


Beihang University invites applications for full-time Professors, Associate Professors and excellent scientists. Preference will be given 
to candidates whose research emphasis demonstrates the potential to complement and advance the IRIMS existing research strengths. 
Successful candidates will be provided competitive salaries and start-up funds. 


Positions Available 


Position offered by the Recruitment Program of Global Experts (1000 Plan Professorship) 

Position offered by the Chang Jiang Scholars Program 

Position offered by the Recruitment Program of Global Young Experts (1000 Plan Professorship for Young Talents) 
Position offered by Beihang University’s Zhuoyue Program of Professors 

Position offered by Beihang University’s Zhuoyue Program of Associate Professors. 


Interested individuals should send curriculum vitae by email to rsereb@buaa.edu.en, with “Faculty Application from Science” in the 
title. For more information, please visit the university’s Human Resource Department website http://rse.buaa.edu.cn/, or contact us by 
email rsereb@buaa.edu.cn or by telephone 86-010-82317779. 
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AAAS is here — helping scientists achieve career success. 


Every month, over 400,000 students and scientists visit ScienceCareers.org in search of the information, advice, and 
opportunities they need to take the next step in their careers. 


A complete career resource, free to the public, Science Careers offers a suite of tools and services developed specifically 
for scientists. With hundreds of career development articles, webinars and downloadable booklets filled with practical 
advice, a community forum providing answers to career questions, and thousands of job listings in academia, govern- 
ment, and industry, Science Careers has helped countless individuals prepare themselves for successful careers. 


As a AAAS member, your dues help AAAS make this service freely available to the scientific community. If you’re not 
a member, join us. Together we can make a difference. 


To learn more, visit aaas.org/plusyou/sciencecareers DV AAA T U = A 


Join the Conversation! 


Twitter is a great way to connect with AAAS 
members and staff about the issues that 
matter to you most. Be a part of the discussion 
while staying up-to-date on the latest news 
and information about your personal 
member benefits. 

Follow us @AAASmember 
and join the conversation 
with #AAAS 


MN AAAS 


MEMBERCENTRAL 


MemberCentral.aaas.org 


CMU __ BASIC SCIENCE FACULTY 


ae COLLEGE OF MEDICINE 
ald CENTRAL MICHIGAN UNIVERSITY 


Multiple positions; twelve-month 
Assistant/Associate/Full Professor 


The Central Michigan University College of Medicine (CMED) is 
seeking highly qualified faculty for multiple tenure-track or fixed- 
term positions in the basic science disciplines. Successful can- 
didates will be expected to develop a vigorous externally funded 
research program and assume a role in the development and 
implementation of a highly integrated, cross disciplinary, clinical 
presentation and inquiry-based medical school curriculum. 


Positions will be at the Assistant/Associate/Full Professor rank, 
depending on credentials, and are available immediately. Start 
dates are negotiable. CMED will provide a competitive space 
and start-up package to support the development of an external- 
ly funded vigorous research program. Applications are being 
sought for teaching expertise in all disciplines of the basic bio- 
medical sciences. 


Qualifications: 

Required: doctoral degree, strong commitment to innovative 
approaches to education and learning, ability or commitment to 
facilitate interactive learning in large and small group settings, 
experience with independent design and conduct of research 
consistent with discipline(s), strong collaborative and communi- 
cation skills; and a demonstrated commitment to diversity. 
Applicants applying for advanced rank should have a demon- 
strated record of teaching in large and small group settings 
and/or an extramurally funded research program. 


Preferred: Research - while all areas of research will be con- 
sidered, collaborative opportunities in basic research exist in 
neuroscience, mitochondrial biology, cancer vaccines, respirato- 
ty control and disease, signal transduction, virology, compara- 
tive effectiveness, health services, rural medicine, and clinical tri- 
als and outcomes. Teaching - experience with cross disciplinary 
teaching; documented experience in patient and/or problem- 
based medical education; experience with, or a strong knowl- 
edge of, pedagogical approaches such as team based learning. 


General Information: 

Established in 1892, Central Michigan University is one of the 
nation’s 100 largest public universities and the fourth largest in 
Michigan, with more than 28,000 students in Mount Pleasant, 
online and at more than 60 locations throughout the United States, 
Canada and Mexico. CMU offers more than 200 academic pro- 
grams at the undergraduate through doctoral levels, including sev- 
eral that are nationally recognized. CMU is located in Mount 
Pleasant, Mich., a classic college town with a blend of natural fea- 
tures, family attractions, small-town life and university culture. 


The CMU College of Medicine will welcome its inaugural class in 
the summer of 2013. The innovative medical school curriculum 
is being designed to prepare students for practice in mid- to 
northern Michigan and the Upper Peninsula, with particular 
attention to primary care needs in the region. The program is 
housed in a new facility with advanced technology for teaching. 
For more information, visit http://www.cmich.edu/med. 


Application Procedure: 

Review of applications begins immediately and continues until 
filled. Applications must be submitted through an on-line process 
at: www.jobs.cmich.edu. Electronically attach a letter of appli- 
cation, curriculum vitae, evidence of teaching ability if available, 
statement of teaching philosophy, statement of research/schol- 
arly interest, and a list of three professional references, including 
phone numbers and email addresses. Questions can be direct- 
ed to Rebecca Messing, Faculty & Staff Affairs Coordinator, 
Spenctrl@cmich.edu, 989-774-7862. 


CMU, an AA/EO Institution, strongly and actively strives to increase 
diversity within its community (see www.cmich.edu/aaeo). 
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POSITIONS OPEN 
DIRECTOR 


Princeton University Department of Chemistry seeks 
candidates for the position of Director of the new Small 
Molecule Screening Center. 

The director will provide leadership in managing pro- 
gram activities and will be responsible for the overall 
operations of the screening center by employing a wide 
range of contemporary high throughput screening assays; 


rage nea your free copy 
ance of the screening center infrastructure. 


e ful candidate must hold a Ph.D. in organic tod a 
synthesis (or related field) and have broad experience and e 
knowledge in medicinal chemistry. The candidate should 
have current bench ls, demonstrated proficiency in H 
ere ScienceCareers.org/booklets 
For further information and to apply online (required) 
at website: https://jobs.princeton.edu (requisition 
#1300162). Submit a cover letter, curriculum vitae, 
list of publications and contact information for three 
references. Princeton University is an Equal Opportunity Em- 
ployer and complies with applicable EEO and Affirmative Action 
requlations. 


Careers Away 
POSTDOCTORAL FELLOW/RESEARCH R 
Se TASSOGIATE,” CAREE from the Bench 


for Scientists 
A postdoctoral/research associate position is aval- TRENDS advice and option 


letal/signaling proteins in r 
and cardiovascular systems. Highly motivated applicants 
with Ph.D. degree and experie 
tion, or molecular biology/techniques, or gene expres- 
sion are encouraged to apply by nding your application 
letter, curriculum vitae, and names and contacts of ref- 
erences to Dr. Dale D. Tang at e-mail: tangd@mail. 
ame.edu. An Equal Opportunity /Affirmative Action Employer. 
Women and Minorities are encouraged to apply. 


POSTDOCTORAL FELLOW 

Postdoctoral Fellow Positions at UMDNJ-New Jersey 
Medical School are available to study the molecular and 
mechanisms underlying chronic pain and opioid 
rong, background and experience in pain 
ology, or molecular biology are re- 
culum vitae to Dr. Yuan-Xiang 
Tao at emails: yuanxiangtao@yahoo.com or ytaol@ 
jhmi.edu. 
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Find 
your future sameeren 
here. 


From technology specialists to patent 
attorneys to policy advisers, learn more 
about the types of careers that scientists 
can pursue and the skills needed in order 
to succeed in nonresearch careers. 
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We deliver 
customized job alerts. 
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STAY INFORMED! 
STAY CONNECTED! 


Get more from your AAAS membership 


Are you currently registered to receive e-mails from AAAS and Science? 


E-mail is the primary way that AAAS communicates with our members 
about AAAS programs, new member benefits, invitations to special 
events, and, of course, the latest news and research being published 
in Science. 


Sign up today to receive e-mails from AAAS and ensure that you are 
getting the most out of your membership and Science subscription.” 


To get started visit: promo.aaas.org/stayconnected 
You'll need your AAAS Member number. Find it above your name on 
your Science mailing label. 


Don’t miss a thing. Sign up for e-mail communications from AAAS today! 


RAYAAA 


*AAAS follows CAN-SPAM and European Safe Harbor guidelines for protecting your privacy. We will never sell your e-mail address and you can opt-out of receiving e-mails at any time. 


Explore what's beneath the surface with R&D Systems. 


Over % of our research tools are designed to study intracellular signaling. 


Cytokine and growth factor signaling doesn’t stop at the cell surface. R&D Systems offers a full line of signal 
transduction reagents to complement our industry-leading cytokines and growth factors. In the upcoming months 
we will be adding rich signal transduction content to our website. Follow us on social media to receive updates. 


RY BostonBiochem’ 


